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1 OUTLINE OF THE PHD STUDY 
In the studies presented in this thesis, the overall objective is to document the developmental pattern 
of intestinal physiological functions with particular emphasis on barrier function and redox status in 
intrauterine growth restriction (IUGR) piglets, as compared to normal birth weight (NBW) ones (Fig. 
I-1). This will provide information for the nutrition and management intervention that can be offered 
to IUGR offspring. The specific objectives of this Ph.D. research are: 
1) To evaluate whether the shift from parental to enteral nutrition at birth will induce an oxidative 
challenge in piglets and whether it is affected by IUGR (Chapter II); 
2) To evaluate whether weaning will cause long-term effects in the intestinal oxidative status of piglets 
on different key time points postweaning, and whether this is affected by IUGR (Chapter III);  
3) To establish an oxidative stress-inducing model and evaluate the specific critical redox couple like 
glutathione/glutathione disulfide, and whether it is affected by IUGR (Chapter IV). 
In the following parts of Chapter I, a literature review is presented, which focus on the knowledge 
related with the topics in this study. This includes, 1) small intestinal mucosal physiology, barrier 
function and their developmental characteristics during the early life of piglets; 2) the effect of weaning 
on the small intestinal structure and function; 3) definition of IUGR and its effect on the small 
intestinal function; and 4) oxidative stress and intestinal antioxidant system.   
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Figure I–1 Outline of the thesis. 
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2 SMALL INTESTINAL MUCOSA  
2.1 Small intestinal mucosa architecture 
The small intestine extends from the pylorus to the ileo-cecal valve, with three main segments, 
duodenum being closest to the stomach, followed by the jejunum and finally the ileum. The intestinal 
mucosa is a mucous membrane lining the inner part of the digestive wall. It consists of three sublayers 
including a single cell layer of epithelial tissue, the lamina propria mucosae, and the lamina muscularis 
mucosae (Figure I–2).  
Importantly, the small intestine mucosae are characterized by finger-like projections known as villi, 
which extend into the lumen and increase the intestinal surface area. The surface membrane of the 
absorptive epithelial cells is characterized by microscopically small extensions known as microvilli. This 
gives the epithelial surface a brush border format. Different regions of the intestine have distinct 
physiological functions. The villi become progressively shorter and broader going down the length of 
the small intestine, which is consistent with the lower rates of digestion and absorption that occur in 
these regions (Mowat & Agace, 2014). Each villus is equipped with circulatory vessels. Capillaries move 
blood into the entire length of the villus. When the villi absorb nutrients like water soluble vitamins, 
amino acids and sugars, they are transported into the capillaries for distribution and use throughout 
the body. The villi also contain lacteals, which are part of the lymphatic system. Fat, fat soluble vitamins 
and excess liquids absorbed by the villi are first moved into lymph fluid circulation before being 
entering the blood stream. In addition, brush border enzymes secreted into the micro-villi-covered cells 
are capable of breaking down luminal saccharides, proteins and nucleic acids directly on the surface of 
their surface. When the cells on the upper surface of the villi sloughed off, these enzymes are released 
directly into the intestinal lumen, aiding in digestion.  
Crypt is the small invagination of epithelium that separates the villi. Cells grow and divide rapidly in 
crypt. After differentiation, cells are arising to the top of the adjacent villi to replace cells that are 
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sloughed off during the movement of digesta through the intestine. The multipotent stem cells in 
crypts give rise to several different types of mature epithelial cells, mainly absorptive enterocytes, but 
also Paneth cells, goblet cells and neuroendocrine cells. Except Paneth cells, newly formed epithelial 
cells move from the bottom of the crypt, along the villus-crypt axis to the tip of the villus, and are 
extruded after 4-5 days. During this process, the epithelial cells mature, but only when they reach the 
base of the villus, the full range of enzymes and other properties that are needed for their digestive and 
absorptive functions are acquired (Mowat & Agace, 2014).  
Both villi and crypts play important roles in the digestion and absorption capacity of the small intestine. 
Notably, when the structure of the villus tip is impaired, or mature cells are lost during their migration, 
the reduced digestive surface area or increased presence of immature cells will lead to decrease of 
absorptive capacity.  
Figure I–2 Anatomy of the intestinal mucosa (histological section and schematic) (Mowat & Agace, 2014) 
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2.2 Small intestinal mucosal epithelial barrier function 
The intestinal epithelium is a single-cell layer that constitutes the largest and most important barrier 
against the external environment (Groschwitz & Hogan, 2009). By forming complex protein-protein 
networks that mechanically link adjacent cells across the intercellular space, the intestinal epithelium 
maintains a barrier function which selectively permits the passage of nutrients, electrolytes, and water 
while performing defense against intraluminal toxins, antigens and enteric flora (Podolsky, 1999; 
Ferraris, 2001; Blikslager et al., 2007; Broer, 2008; Groschwitz & Hogan, 2009). Also, this barrier 
function is highly regulated and dependent on the villus/crypt localization, and cell membrane 
specificity (apical, lateral, or basolateral) (Laukoetter et al., 2006; Groschwitz & Hogan, 2009). 
Normally the intestinal epithelium mediates selective permeability through two major routes, i.e. the 
transepithelial (or transcellular) and paracellular routes (Tsukita et al., 2001). The transcellular 
pathway is important for the intestinal endocytic uptake of luminal macromolecules. It includes simple 
passive diffusion, carrier mediated transportation (active transport and facilitated diffusion), and 
endocytosis. For the passive diffusion mechanism, the molecular must have the correct physical-
chemical properties, such as size, charge, lipophilicity and hydrogen bonding properties to cross the 
lipophilic apical and basolateral membranes (Liu et al., 2009). In the endocytosis pathway, 
macromolecules are mainly degraded by the enzymes in lysosomes or in the endocytic vesicles. Only a 
small amount of macromolecules can be released in intact form into interstitial space (Sanderson & 
Walker, 1993; Snoeck et al., 2005). Generally, the transcellular permeability is associated with the 
action of specific transport channels for amino acids, electrolytes, short-chain fatty acids, and sugars 
(Ferraris & Diamond, 1997; Broer, 2008).  
The paracellular permeability is associated with transport in the space between epithelial cells 
(Groschwitz & Hogan, 2009). In the presence of an intact epithelial cell layer, the paracellular pathway 
between cells is sealed, mediated by the apical junctional complex, which is composed of the tight 
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junctions (TJs) and subjacent adherent junctions (Turner, 2009). TJs are complex structures 
comprising a series of transmembrane proteins, cytoskeleton and plaque proteins (Fig. I-3). 
Pappenheimer and Reiss (1997) calculated that the effective pore size of intestinal epithelium is able 
to admit passage of solutes of 5 000 Da at the TJ . Thus, not only ions and water, but also small 
macromolecules could pass by the paracellular route (Atisook & Madara, 1991). Taken together, the 
regulation of intestinal barrier function is dependent, to a large extent, on the TJs permeability (Pacha, 
2000; Turner, 2009). The transmembrane proteins containing occludin, claudins and junctional 
adhesion molecule (JAM) family protein, which seal the paracellular space between adjacent epithelial 
cells. The cytoskeletons are the intricate structures of protein filaments extending throughout the 
cytosol to maintain the structure of all eukaryotic cells. Plaque proteins, such as the zonula occluden 
(ZO) family are involved in the clustering and stabilization of the transmembrane proteins. Disruption 
in the composition of these proteins is linked to the loss of intestinal barrier integrity (Banan et al., 
1999; Ulluwishewa et al., 2011). Additionally, the paracellular back flux of Na+ could indirectly affect 
the transcellular pathway by influencing transcellular Na+ -dependent absorption of nutrients (Madara, 
1989). 
Figure I–3  Anatomy of the intestinal barrier and pathways of epithelial permeability 
(Groschwitz & Hogan, 2009; Turner, 2009)    
Chapter I|GENERAL INTRODUCTION 
8| 
2.3 Early development of the small intestine mucosa in pigs 
In all parts of the intestine, the surface epithelium is continuously renewed by immature cells arising 
from crypts. Specifically, the development of the gastrointestinal tract (GIT) in the early stages of life 
is characterized by both remarkable morphological and functional changes (Zabielski et al., 2008; Xu 
et al., 2012). The birth and early neonatal period correspond to the change from parental to enteral 
nutrition. During the neonatal period, extensive changes occur in the gross architecture, ultrastructure, 
growth and differentiation of the intestine (Kelly & Coutts, 2000; Le Dividich & Seve, 2000; Trahair 
& Sangild, 2002). In piglets, increased intestinal mass (intestinal weight, length, diameter, mucosa 
weight villus height) (Xu et al., 1992) and decreased rate of nutrient transport are seen in the first 24 
h after birth (Puchal & Buddington, 1992; Zhang et al., 1997). Also, rebuilding processes are noted 
in the epithelium during the neonatal period (Xu, 1996; Xu et al., 2000; Zabielski et al., 2008). By 
day 3 after birth, the density of villi decreases by 58% compared to the value at birth. At day 14, villi 
have irregular shape and the density is still significantly decreased (Skrzypek et al., 2010).  Only by day 
21 after birth, the mucosa is covered by villi with a great diversity in shape, and the villus surface is 
covered by numerous cells including a large number of goblet cells (Skrzypek et al., 2007a; Skrzypek 
et al., 2010).  
In addition to the progressive differentiation along the crypt-villus axis, the digestive and absorptive 
capacity of intestinal enterocyte also undergoes an age-related maturation process during suckling 
period (Fan, 2003). The activities of sucrase, maltase and maltase-glucoamylase are low in newborn 
piglets and increase to the 8th week postnatal. In contrast, to be able to digest the lactose in the milk, 
the lactase activity in the intestine of piglet at birth is higher than the level in fetal pig, and it reaches 
maximum during the first week postnatal (Aumaitre & Corring, 1978). Additionally, peptidase 
activities are generally high at birth and decrease during the suckling period (Zabielski et al., 1999). As 
for lipase, it was stated that the pancreatic lipase activity to be low at birth, followed by a steady increase 
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in activity between day 7 and 14, and plateauing around day 48 postnatal (Dicklin et al., 2006). Also, 
the fatty acid binding proteins (FABP) have been detected in the SI in newborn pigs, and the activity 
of FABP increases following the intake of colostrum (Reinhart et al., 1992). 
Notably, the transport of macromolecules is particularly important during early postnatal life since it 
facilitates the absorption of growth factors and immunoglobulin (Ig) G from maternal colostrum and 
milk (Pacha, 2000). This transport mechanism is crucial for pigs, as piglets are born nearly 
agammaglobulinemic, the transport of macromolecules make them capable of transferring intact Igs 
from ingested colostrum to the circulation during the early postnatal days (Westrom et al., 1984). 
Except the specific receptor-mediated trancelluar to transport macromolecules, a unique feature of 
enterocytes in newborn mammals is the presence of an apical canalicular system, which can produce 
large vacuoles. These vacuolated equipped enterocytes play a key role in the nonspecific transcytosis to 
take up the colostrum macromolecules (immunoglobulins, hormones, growth factors, etc.). However, 
this kind of enterocytes are observed in the upper part of the villi only during the first 2-3 days of 
postnatal life in pigs (Skrzypek et al., 2007b; Zabielski et al., 2008). Therefore, the high permeability 
of the intestinal epithelium to macromolecules declines rapidly within the first 24-72 hours in piglets 
to avoid extra access of antigens(Guilloteau et al., 2010). This process, which leads to decreased, even 
ceased uptake of macromolecules during early postnatal intestinal development is called gut closure 
(Walker, 1979; Westrom et al., 1984; Pacha, 2000).  
3 WEANING-INDUCED GASTROINTESTINAL DYSFUNCTION 
Weaning under commercial condition is one of the most significant events in the pig’s life because it 
involves complex psychological, social, environmental and dietary stresses (Lalles et al., 2004). The 
weaning transition corresponds to a shift from maternal milk rich in protein, fat and special bioactive 
components like immunoglobulins, to a solid plant based diet. Therefore, the weaning process is 
accompanied by profound changes in the GIT of piglet as an adaptation to the diet. In commercial 
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farm conditions, weaning immediately leads to a dramatic reduction in feed intake, which in turn can 
affect gut structure and function and reduce overall growth rate (Hampson, 1986; Pluske et al., 1997; 
McCracken et al., 1999; Lalles et al., 2004; Kim et al., 2012). The most reported changes in mucosal 
architecture in weaning piglets are the reduction in villus height, concomitant with a hyperplasia in 
the crypt (Pluske et al., 1997; McCracken et al., 1999; Boudry et al., 2002; Gu et al., 2002). This 
effect on intestinal architecture is acute. It happens within 24 hours after weaning and is most 
pronounced by 3 to 5 days post weaning, particularly in the proximal SI (Fig. I-4) (Spreeuwenberg et 
al., 2001; Pluske et al., 2003).  
Figure I–4 Changes in villus and crypt morphology following weaning (J.R. Pluske, 2003) 
Weaning also has significant effects on absorption and permeability properties in the small intestine 
(Lalles et al., 2004) (Fig. I-5). The effect of weaning on intestinal permeability has been evaluated 
mostly ex vivo in Ussing chambers by measuring 1/ mucosal to serosal fluxes of small molecules 
(mannitol, fluorescein isothiocyanate dextrans), or tissue transepithelial electrical resistance (TEER) or 
the paracellular route and 2/ fluxes of macromolecules like horseradish peroxidase (HRP) or the  
transcellular route (Spreeuwenberg et al., 2001; Boudry et al., 2003; Blikslager et al., 2007; Moeser et 
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al., 2007a; Moeser et al., 2007b; Smith et al., 2010). TEER is considered to vary in an opposite manner 
to the paracellular flux. Weaning age, weaning stress, feed intake and weaning diet composition are the 
four factors having a major effect on intestinal mucosal barrier permeability (Wijtten et al., 2011). 
Notably, the paracellular pathway is consistently compromised after weaning, irrespective of the 
weaning age or diet composition, while the transcellular pathway for macromolecules through 
endocytosis decreases after weaning (Spreeuwenberg et al., 2001; Wijtten et al., 2011). This might be 
also an indication that the improvement of the transcellular pathway is a result of intestinal maturation, 
which could prevent the intestine from antigen overload.  
Figure I–5 Influence of weaning on the net flux of ions, glucose absorption, tissue electrical resistance and horsradish 
peroxidase (HRP)flux in the proximal SI of piglets weaned at 21 days of age. The values are expressed as a percentage of
preweaning values. (Lalles et al., 2004). 
4 INTRAUTERINE GROWTH RESTRICTION  
4.1 Definition of intrauterine growth restriction  
Intrauterine growth restriction (IUGR), or fetal growth restriction is defined as impaired growth and 
development of the mammalian embryo/fetus or its organs during pregnancy. It is a noteworthy 
problem both in human neonatology and domestic animal production (Wu et al., 2006). IUGR is 
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associated with high rates of perinatal morbidity and mortality (Rueda-Clausen et al., 2011), a long-
term stunting effect on postnatal growth and nutrient utilization (McMillen & Robinson, 2005; Wu 
et al., 2006), and increased susceptibility to the development of various metabolic syndromes in 
adulthood (Ananth & Vintzileos, 2009).  
4.2 Etiology of IUGR 
Genetic, epigenetic, maternal, placental and environmental factors contribute to the occurrence of 
IUGR. As summarized by Bordsky and Christou (2004), the symmetric growth restriction is mainly 
caused by intrinsic factors like chromosomal abnormalities and congenital malformations, drugs, 
infection and early-onset severe preeclampsia. In contrast, the reason for asymmetric growth restriction 
is more extrinsic, including placental and maternal vascular factors, such as placental insufficiency . 
Next, maternal nutrition during pregnancy is an important determinant of subsequent fetal growth 
and development (Redmer et al., 2004). 
In domestic animals, IUGR is observed naturally in dams with multifetal pregnancies, due to the 
reduced placental mass per fetus and therefore relative placental insufficiency (Wootton et al., 1983). 
Thus, uterine capacity affects the occurrence of IUGR (Dickinson et al., 1962; Allen et al., 2002). In 
pigs, the occurrence of IUGR originates mostly during late gestation, and the high rate of IUGR is 
likely a consequence of an imbalance between ovulation rate, and the uterine capacity due to ongoing 
selection for high litter size (Foxcroft et al., 2006). In addition, the differential growth of porcine 
fetuses is largely depending on the position in the uterus, next to uterine capacity (Perry & Rowell, 
1969; Ashworth et al., 2001). The pig has been suggested as a suitable model of  IUGR (Bauer et al., 
1998b; Ashworth et al., 2001). 
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4.3 Identification of IUGR  
The easy assessment of fetal weight or birth weight relative to gestational age makes this a widely used 
criterion to detect IUGR (Wu et al., 2006). In human clinics, the most common definition of IUGR 
is an estimated fetal weight less than the tenth percentile of the birth-weight-for-gestational-age 
reference curve according to ultrasound data (de Onis et al., 1998). At term the cut off weight for 
IUGR infant is 2.5 kg (Cooper, 1975). However, it was noticed only a birth weight below 3rd percentile 
was stated a predictor of perinatal mortality (McIntire et al., 1999). Therefore, another functional 
description, as a supplement to the definition of IUGR, is that a fetus who is unable to achieve its 
genetically determined potential size. This supplement allows to exclude fetuses which are small for 
gestational age but are not pathologically small.  
In animal studies, IUGR is frequently identified as fetal or birth weight less than two standard 
deviations (SD) of the mean body weight of gestational age (Cooper, 1975; Wu et al., 2008; D'Inca et 
al., 2010a; D'Inca et al., 2010b; D'Inca et al., 2011). Of particular interest is that pigs exhibit the most 
severe, naturally occurring IUGR (Xu et al., 1994; Wu et al., 2006; Wang et al., 2010). This high 
prevalence of IUGR in pigs poses an economic burden on piglet performance. Therefore, either from 
the perspective of using piglets as a model of IUGR for human infants (Cooper, 1975; Swanson & 
David, 2015), or from the perspective to improve the postnatal performance of pigs, piglets born with 
IUGR are worthy of attention. 
Quiniou et al. (2002) investigated 12 041 piglets from 965 litters from 168 Large White ൈ  Landrace 
crossbred sows and reported that piglets can be classified as IUGR when the birth weight is between 
0.6 and 1.0 kg, or smaller than the 11th percentile. However, Guilloteau et al. (2010) argued that the 
percentile classification could not be applied to a single litter, because birth weights do not follow a 
normal distribution. They suggested that classification of IUGR piglets must be based on the absolute 
value of birth weight for a certain breed, which is similar to the supplement of the functional 
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description of human IUGR definition. In a breeding study reported by Wu et al. (2010), birth weight 
less than 1.1 kg was used as criteria to identify IUGR piglets (Yorkshire × Landrace sows and Duroc × 
Hampshire sire), and these IUGR piglets represented 76% of preweaning deaths in that study. Most 
studies defined piglets born within 1 SD of the mean birth weight as normal birth weight piglets, 
whereas IUGR piglets are the ones having a birth weight up to 1 kg, or lower than 1.5 SD to 2 SD of 
the mean birth weight of the litter (Xu et al., 1994; Wang et al., 2008a; D'Inca et al., 2010a; Wang et 
al., 2010; D'Inca et al., 2011; Wang et al., 2014). It has been stated that litter size >15 have suffered 
from IUGR crowding, irrespective of the breed, because limited uterine capacity is unable to support 
a higher birth weight in these situations (Foxcroft, 2007). Bauer et al. (1998) also stated that animals 
with a body weight lower than the 10th percentile were only found in litters with more than seven 
neonates. Thus, the litter size should be considered as well when identifying the IUGR piglets (Bauer 
et al., 1998a).   
4.4 Effect of IUGR on porcine gastrointestinal health  
The GIT is of paramount importance in postnatal nutrient acquisition. In addition, the epithelial 
barrier is involved in the first steps of postnatal immune system maturation, protection against food 
antigens and invasion of environmental microorganisms (Xu et al., 1994; D'Inca et al., 2011). One 
feature of IUGR piglets is the impaired or retarded gastrointestinal development, which will further 
impose limitations on postnatal body growth and development of other organs (Xu et al., 1994).  
4.4.1 Effect of IUGR on porcine intestinal structure 
Several studies have reported differences in intestinal architecture between IUGR and normal birth 
weight (NBW) newborns and during the neonatal period (Table I-1) (Xu et al., 1994; Wang et al., 
2005; D'Inca et al., 2010a; D'Inca et al., 2010b; D'Inca et al., 2011; He et al., 2011; Wiyaporn et al., 
2013). The intestinal absorptive surface was smaller in IUGR during the first days of life in term piglets, 
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as indicated by reduced intestinal villus height and crypt depth. According to D’Inca et al. (2010b), 
this reduced surface of intestinal exchange probably results from a disturbed proliferation-apoptosis 
homeostasis . Additionally, this reduction of exchange surface might be crucial because of its important 
role in processing dietary molecules into available nutrients for the organism and in regulating the flux 
of antigenic material (D'Inca et al., 2010b).  
Table I–1    Effect of IUGR on porcine intestinal structure  
 Structure and physiological function 
IUGR vs. 
Normal birth 
weight 
(NBW) 
piglets 
References 
At birth 
Length of small intestine relative to body weight 
↓ 
Xu et al., 1994 
Wang et al., 2005 
D’ Inca et al., 2010a,b& 
2011 
Jejunal villus height, crypt depth  
Proximal ileal villus height, crypt depth 
Distal ileal crypt depth 
Neonatal period 
2-days age
Length of small intestine relative 
to body weight ↑ 
D’Inca et al., 2010a, 
2011 
Ileal villus area, villus height ↓ 
5-days age
Length of small intestine relative 
to body weight ↑ 
7-days age
Duodenal villus height/crypt 
depth ratio ↑ Wiyaporn et al., 2013 
10-days age
Proximal, middle and distal villus 
height, villus width, villus area 
and crypt depth 
- 
De Vos et al., 2014 
Huygelen et al., 2015 
21-days age
Jejunal villus height,  
villus height/crypt depth ratio  ↓ 
Wang et al., 2010 
He et al., 2011 
28-day age
Proximal, middle and distal villus 
height, villus width, villus area 
and crypt depth 
- 
De Vos et al., 2014 
Huygelen et al., 2015 
4.4.2 Effect of IUGR on porcine intestinal function  
During the first days of neonatal period, the intestinal adaptation and bacterial colonization of IUGR 
piglets are altered, as well as an upregulation of barrier function interpreted as a protective response 
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against inflammation (D'Inca et al., 2011). Proteome analysis of the jejunum of IUGR piglets showed 
that that the expression of key proteins involved in key biological processes, such as absorption, 
digestion and transport of nutrients; cell apoptosis; nutrient metabolism and cellular redox homeostasis 
and stress response is affected by IUGR during the first 21-days of life (Wang et al., 2008a; D'Inca et 
al., 2010b; Wang et al., 2010). Moreover, He et al. (2011) reported that IUGR piglets have a 
distinctive metabolic status compared to NBW piglets on 21-day of age, whereby changes are related 
with lipogenesis, lipid oxidation, energy supply and utilization, amino acid and protein metabolism, 
and antioxidant ability. These results all suggest that during the neonatal period, IUGR is associated 
with both immediate and long-term altered intestinal adaptation in piglets.  
5 OXIDATIVE STRESS & REDOX STATUS  
5.1 Oxidative stress and redox status  
For aerobic organisms oxygen is paradoxically both vital and inherently dangerous, since both the 
atomic and molecular form of oxygen may exist as free radical (Davies, 1995). During the reduction 
process of oxygen along the electron transport chain, oxygen-derived radicals, like superoxide anion, 
peroxide, hydroxyl radical, hydroxyl ion and reactive derivatives of oxygen (hydrogen peroxide, H2O2) 
are constantly generated, known as reactive oxygen species (ROS, Fig. I-6). 
Figure I–6 Electron structures of common reactive oxygen species. Each structure is provided with its name and chemical 
formula. The red • designates an unpaired electron. (Biotek.com) 
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Regardless of how and where ROS are generated, a rise in intracellular oxidant levels may damage 
various cell components and trigger the activation of different signaling pathways (Finkel & Holbrook, 
2000). In order to maintain proper levels of oxidant, a sophisticated enzymatic and non-enzymatic 
antioxidant defense system is present in cellular and extracellular compartments to counteract overall 
ROS levels (Finkel & Holbrook, 2000; Tauler Riera, 2012) (Fig. I-7). The balance between 
oxidant/pro-oxidant production and antioxidants is defined as the redox status. Under healthy 
conditions, oxidants and antioxidants should be in equilibrium, i.e. redox homeostasis. When this 
homeostasis is disrupted, the equilibrium is tilted toward the oxidized state, which is referred to as 
oxidative stress (Davies, 1995; Finkel & Holbrook, 2000). Oxidative stress leads to damage to 
biological important molecules, such as proteins, lipids, carbohydrates and nucleic acids (DNA and 
RNA). Also, it has been implicated in a wide range of diseases, including cancer, heart attacks, chronic 
inflammatory diseases, and a wide variety of age-related disorders (Davies, 1995).  
Figure I–7 The sources and cellular response to reactive oxygen species (ROS) (Finkel & Holbrook, 2000). CAT, 
catalase; GPX, glutathione peroxides; SOD, superoxide dismutase. 
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5.2 Intestinal antioxidant system 
In addition to being exposed to luminal nutrients, the intestinal mucosal epithelium is constantly 
challenged by diet-derived oxidants, mutagens, and carcinogens as well as by endogenously generated 
reactive oxygen species that can contribute to oxidative stress (Ames, 1983; Aw, 1999). Oxidative 
stressis is considered an essential factor in the pathogenesis of gastrointestinal diseases, such as 
inflammatory bowel disease (IBD), enteric infection, colonic inflammation and cancer (Bhattacharyya 
et al., 2014). To maintain integrity and proper physiological function, the intestinal mucosa is 
equipped with several antioxidant systems to defend against the harmful effects of ROS. The major 
enzymatic antioxidants are superoxide dismutase (SOD), glutathione peroxidase (GPX), catalase 
(CAT), glutathione-disulfide reductase (GSR) and heme oxygenase (HO) (Thomson et al., 1998; 
Bhattacharyya et al., 2014). Table I–2 summarizes the reaction these enzyme catalyzes with regarding 
to handle the ROS.  
Beides these enzymatic antioxidants, the non-enzymatic antioxidant glutathione (GSH) is the most 
prevalent nonprotein cellular thiol present in cells. GSH acts as a reducing agent to detoxify various 
oxidants by acting as a coenzyme in GPX and glutathione S-transferase (GST) catalyzed reaction 
(Deneke & Fanburg, 1989; Wu et al., 2004b; Iles & Liu, 2005). Notably, published results have shown 
that GSH is involved in intestinal mucosal peroxide transport, metabolism, cell turnover and oxidative 
susceptibility (Kowalski et al., 1990; Aw et al., 1992; Aw, 1994; Iwakiri et al., 1995; Kanazawa & 
Ashida, 1998; Mohr et al., 1999; Tsunada et al., 2003; Aw, 2005). GSH concentration in cells is 
regulated at multiple aspects including de novo synthesis, redox cycling, cysteine availability, and 
consumption (Fig. I-8) (Iles & Liu, 2005). The synthesis of GSH is mainly controlled by glutamate 
cysteine ligase (GCL), previously known as γ-glutamylcysteine synthetase (γGCS), which catalyzes the 
first and rate-limiting step in the production of the cellular GSH. Dysregulation of GCL enzymatic 
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function and activity leads to decreased GSH biosynthesis, reduced cellular antioxidant capacity, and 
the induction of oxidative stress (Franklin et al., 2009). 
Table I–2    Major intestinal enzymatic antioxidants 
Enzymes Isoforms (location) Reaction catalyzed and role in GIT disease 
Superoxide 
dismutase 
 (SOD) 
- Cu-Zn-SOD (cytosol)
Copper and zinc-containing enzyme
- Mn-SOD (mitochondrial)
Manganese-containing enzyme
- EC-SOD
Extracellular Cu-Zn containing enzyme
Enzox + O2•− → Enzred (H+) + O2 
Enzred (H+) + O2•− → Enzox + H2O2 
Enhanced expression: prevent GIT mucosal 
injury, ulcer healing  
Reduced expression: cause gastric ulcer1 
Glutathione 
peroxidase  
(GPX) 
- GPX1 (ubiquitous)
uniform crypt-to-villous distribution
- GPX2 (GPX-GI, intestinal specific)
crypt region predominating
- GPX3 (extracellular)
- GPX4
2GSH + H2O2 → GSSG + 2 H2O 
or  
2GSH + ROOH → GSSG +ROH + H2O 
GPX1 and GPX2 are major selenoproteins 
providing the first line of defense against ROS 
from inflammation2 
GPX1 and GPX2 double-knockout mice suffer 
from oxidative stress and inflammatory 
responses3 
Glutathione-
disulfide 
reductase 
 (GSR) 
Ubiquitously expressed  
GSSG + NADPH + H+ → 2GSH + NADP+ 
Protecting the cells by generating GSH4 
Catalase  
(CAT) 
Mainly found in peroxisomes 
2 H2O2 →2 H2O + O2 
Not only detoxify H2O2, but also protect cells 
from apoptosis5  
Heme 
oxygenase  
(HO) 
- HO-1, the inducible isoform
- HO-2, the constitutive isoform
Heme + O2 + NADPH + H+ → biliverdin + Fe2+ 
+ CO + NADP+ + 3H2O
HO-1 and its product CO have indirect
cytoprotective response against oxidative stress,
also is crucial in modulating cell apoptosis6.
1 Nenoi, et al. (2001), Kruidenier, et al. (2003).   
2 Chu, et al. (1997), Chow, et al. (1998). 
3 Esworthy, et al. (2001). 
4 Chang, et al. (1978). 
5 Nenoi, et al. (2001), Koutroubakis, et al. (2004). 
6 Vile, et al. (1994), Otterbein and Choi. (2000), Oates and West. (2006). 
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Figure I–8 Glutathione redox cycle (Adapted from Kruz et al., 2004)  
5.3 Redox sensitive Signaling Pathways 
ROS have been shown to be able to cause cellular damage, but they also function as signaling molecules 
that are necessary to activate a number of cellular pathways involved in cell proliferation, survival and 
inflammation (Hancock et al., 2001; Fuh et al., 2002; Schieber & Chandel, 2014). In this process, 
transcriptional factors like mitogen-activated protein kinases (MAPK), nuclear transcription factor 
kappa-B (NF-κB), nuclear factor erythroid 2-related factor 2 (Nrf2) or activator protein-1 (AP-1) are 
activated, subsequently regulating downstream gene expression (Sporn & Liby, 2012). On the other 
hand, the activation of NF-κB or Nrf2 can increase the transcription of antioxidant scavengers, such 
as SODs, thioredoxin 1&2, glutathione S-transferase (GSTs), heme oxygenase-1 (HMOX1) and 
GPX1 to keep a proper ROS level (Meyer et al., 1993; Lavrovsky et al., 1994; Xia et al., 1996; Huang 
et al., 2000; Djavaheri-Mergny et al., 2004; Rojo et al., 2004; Schreiber et al., 2006; Kairisalo et al., 
2007; Morgan & Liu, 2011).  
Glutamate cysteine 
ligase 
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To note, substantial evidence has revealed that certain amounts of ROS are required for the release of 
pro-inflammatory cytokines of interleukin 1β(IL-1β), tumor necrosis factor-α (TNF-α) and 
Interferon-β (IFN-β), thus promote proper immune response (Kong et al., 2011; West et al., 2011). 
Slight elevation of ROS levels even could enhance immune system function, but excessive production 
of ROS can lead to pathological responses (Schieber & Chandel, 2014). Importantly, the intestine 
disposes of injured or spent enterocytes by inducing cell death to maintain the mucosal integrity (Aw, 
1999). Importantly, studies with tumor necrosis factor (TNF)-mediated inflammation have linked 
TNF-induced intestinal barrier dysfunction, apoptosis, and oxidant production with the signal 
transduction of TNF-induced NF-κB activation (Chandel et al., 2000; Ma et al., 2004; Han et al., 
2006; Overman et al., 2012). 
5.4 Oxidative stress and IUGR 
Preeclampsia in pregnant woman has been associated with maternal oxidative stress (Davidge et al., 
1992; Mutlu-Turkoglu et al., 1998). Since preeclampsia with placental insufficiency and ischemia, is 
one of the etiological factors of IUGR, oxidative stress is thought playing an important role in IUGR. 
Biri et al. (2007) reported that oxidative stress biomarkers like malondialdehyde (MDA) were higher, 
and antioxidant potential represented by SOD and GPX were lower in maternal plasma, cord plasma 
and placenta tissue of IUGR newborns (Biri et al., 2007).  
In pigs, recent proteome and metabolomics analyses revealed that the IUGR continuously affects the 
redox homeostasis in porcine fetuses, newborns and during the first three weeks of life (Wang et al., 
2010; He et al., 2011). In addition, in case of adequate nutrient intake during the neonatal period, 
increased serum MDA level and lower concentration of α-tocopherol, as well as lower hepatic GPX 
activity and mRNA level of SOD2 were found in 21-d old IUGR piglets, compared to the age-matched 
NBW ones (Che et al., 2015), indicating a deteriorated antioxidant system in IUGR piglets. In weaned 
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piglets, it was shown that IUGR piglets had lower antioxidant capacity in plasma (Michiels et al., 2013). 
Also, weaned IUGR piglets exhibited increased ROS level and lower efficiency of GSH in hepatocytes, 
compared to the age-matched NBW piglets, indicating the susceptibility of increased oxidative stress 
in IUGR offspring (Zhang et al., 2014).  
Table I–3    Effect of IUGR on redox-sensitive protein/peptide expression 
Stage Tissue Redox-sensitive protein/peptide 
(IUGR vs. Age-matched NBW ones) 
IUGR 
vs. 
NBW 
Reference 
Fetus in mid 
gestation 
(D60) 
Jejunal 
mucosa 
- Peroxiredoxin-1&2 ↑ 
Wang et al., 2014 Fetus in late 
gestation 
(D90) 
- Peroxiredoxin-1&2,
- Glutathione S-transferase ↑ 
Fetus in late 
gestation 
(D110) 
- Peroxiredoxin-1&2,
- Glutathione S-transferase ↑ 
Fetus in late 
gestation 
(D110) 
Liver 
- Alpha-1 acid glycoprotein
- Liver fatty acid binding protein ↑ 
Liu et al., 2013  
- Glutathione S-transferase alpha M14
- Dimeric dihydrodiol dehydrogenase
- Alternative pig liver esterase
↓ 
Neonate 
(1-d old) 
Liver 
- Peroxiredoxin-1
- Transferrin
- ζ-crystallin
↓ 
Wang et al., 2008 
Skeletal 
muscle 
- Peroxiredoxin-1 ↓ 
Jejunal 
mucosa 
- Beta-globin ↓ 
Wang et al.,2010 
- GlutathioneS-transferase omega ↑ 
7d-old Jejunal 
mucosa 
- Glutathione S-transferase omega
- Peroxiredoxin-5
- Heat shock 70 kDa protein 8
↑ 
21d-old 
Jejunal 
mucosa 
- Glutathione S-transferase omega
- Peroxiredoxin-5
- Heat shock 70 kDa protein 8
↑ 
- Protein disulfide isomerase associated
3 ↓ 
Jejunum Glutathione1 ↑ He et al., 2011 
1 Detected by metabolomics analysis. 
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6 CONCLUSION 
Dramatic shifts of intestinal epithelial function occur in the early life of animals, and weaning induces 
additional both transient and long-term changes in intestinal physiology. However, little is known 
about the effect of weaning in IUGR on structural and functional parameters of the GIT. Nevertheless, 
this point appears to be crucial because the GIT is involved in the first steps of immune system 
maturation, in body protection against food antigens, environmental microorganisms and in nutrient 
assimilation. To our knowledge, most studies of IUGR piglets focused on investigating the effect of 
IUGR at birth or during the early postnatal period, but whether IUGR will have a long-term effect on 
intestinal heath, and whether weaning will exert extra stress in IUGR piglets is poorly explored. In 
addition, emerging evidence reveals that there is a significant difference in the GIT development 
between normal and IUGR piglets at birth, represented by retarded growth, impaired barrier function, 
immune response or energy metabolism. Although the observations are of considerable importance for 
the link between intestinal physiology and IUGR offspring, this has not received sufficient attention. 
Whether the significant shift during early postnatal phase will make a change to the oxidative and 
redox status of the intestine, and whether IUGR piglets will exhibit a disordered intestinal development 
and function in this respect is still incompletely understood. 
Chapter II 
Effect of intrauterine growth restriction on the intestinal 
barrier function, redox status and redox-sensitive genes 
expression during the neonatal period of piglets 
Adapted from: Wang, W., Degroote, J., Van Ginneken, C., Van Poucke, M., Vergauwen, H., Dam, T. M., 
Vanrompay, D., Peelman, L. J., De Smet, S., & Michiels, J. (2016). Intrauterine growth restriction in neonatal 
piglets affects small intestinal mucosal permeability and mRNA expression of redox-sensitive genes. FASEB J, 
30(2), 863-873. 
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ABSTRACT 
Neonates with intrauterine growth restriction (IUGR) show lower efficiency of nutrient utilization 
compared to normal birth weight (NBW) newborns. This study was conducted using neonatal piglets 
as model to test the hypothesis that IUGR affects the intestinal barrier function, intestinal structure 
and antioxidant system development during the neonatal period. The small intestinal mucosae were 
obtained from IUGR and NBW littermates in the neonatal period (day 0, 3, 8 and 19 postnatal, DPN0, 
3, 8, 19). The epithelial barrier function was assessed by fluorescein isothiocyanate-dextran (FD4) and 
horseradish peroxidase (HRP) fluxes across the epithelium, histo-morphological measurements, and 
expression of tight junction proteins. Redox status represented by the glutathione disulfide/glutathione 
ratio and malondialdehyde concentrations were determined, while mRNA levels of some redox-
sensitive proteins were quantified. Results showed that IUGR piglets exhibited a two-fold higher 
intestinal permeability in the proximal SI on DPN0 (P < 0.05), and this difference between IUGR and 
NBW piglets was widened to 3 and 4 times for FD4 and HRP, respectively (P < 0.05) on DPN3. In 
accordance, expression of occludin was down regulated at transcriptional level in IUGR piglets at 
DPN0 and DPN19 (P < 0.01). Furthermore, the transcription of heme oxgenase 1, catalase and 
thioredoxin reductase genes were down regulated in IUGR piglets, mainly on DPN0 and DPN19 
postnatal (P < 0.01). It appears that IUGR subjects have lower capacity to mount an antioxidant 
response in the early postnatal period. Collectively, these results add to our understanding of the 
mechanisms responsible for intestinal dysfunction in IUGR neonates. 
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1 INTRODUCTION 
Intrauterine growth restriction (IUGR) is defined as impaired growth and development of the 
mammalian embryo/fetus or organs during pregnancy, which results in a fetal or birth weight less than 
two standard deviations of the mean body weight at the corresponding gestational age (Wu et al., 2006; 
D'Inca et al., 2010a). Neonates with IUGR show substantially higher rates of perinatal mortality and 
morbidity, partly due to impairment of cell proliferation, and nutrient digestion, absorption and 
metabolism in the small intestine (SI) (D'Inca et al., 2011; Mickiewicz et al., 2012; Ferenc et al., 2014). 
Pigs exhibit the most severe naturally occurring IUGR among mammalian species (Wu et al., 2006). 
Due to the structural, developmental and dietary similarities, the pig model has been chosen as the 
most optimal one for studying gastrointestinal physiology and function in human IUGR syndrome 
(Wang et al., 2008a; Ferenc et al., 2014). In a recent study using proteomics, IUGR neonatal piglets 
exhibited altered expression of a number of proteins involved in the cell redox homeostasis in the SI 
(Wang et al., 2010). The expression of beta-globin was reduced in intestine from IUGR as compared 
to normal birth weight (NBW) piglets, which may contribute to a defect in oxygen transport and, 
therefore, intestinal ischemia which could affect the cell redox homeostasis (Wang et al., 2010). 
Further, peroxiredoxin-1 and -5, important antioxidant enzymes, together with glutathione S-
transferase, were also higher expressed confirming a disturbed redox status. Finally, these researchers 
found a reduction of protein disulfide isomerase-associated 3, indicative for attenuation of redox-
sensitive signaling pathways. However, the results were inconsistent across time points postnatal 
(DPN1, DPN7 and DPN21). Additional evidence was provided by the same group in an earlier paper, 
where they demonstrated upregulation of scavenger-receptor protein in newborn IUGR piglets (Wang 
et al., 2008a). On transcriptional level, oxidative stress has been shown to modulate redox-sensitive 
transcription factor NF-E2 related factor-2 (Nrf2), nuclear factor-kappa B (NF-κB) or activator 
protein-1 (AP-1), thereby fortifying cellular antioxidant capacity or suppressing inflammation (Surh et 
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al., 2005). Taken together, compromised redox homeostasis and redox-sensitive signaling in the SI 
may happen in IUGR subjects after birth.  
The newborn is particularly susceptible to O2-derived free radicals, since at birth a neonate abruptly 
enters a hyperoxic extrauterine environment, with being exposed to an O2 tension approximately five 
times greater than that during intrauterine development (Robles et al., 2001; Friel et al., 2004; Yin et 
al., 2013). The antioxidants transferred to the neonate during late gestation may not be sufficient to 
clear the excessive generation of free radicals, leading to oxidative stress (Robles et al., 2001; Friel et 
al., 2004). To preserve cellular integrity and tissue redox homeostasis, the intestine possesses several 
antioxidant defense systems such as maintaining high antioxidant concentrations (e.g. glutathione, 
GSH) and antioxidant enzymes systems (e.g. glutathione peroxidase, GPX; catalase, CAT and 
superoxide dismutase, SOD) (Aw, 2005). Oxidative stress at birth has been shown to affect the redox 
status and antioxidant system of the SI of piglets during neonatal period (Yin et al., 2013). In addition, 
several studies with rodents showed that intestinal oxidative stress leads to an increase in intestinal 
paracellular permeability (Darmon et al., 1993; Maeda et al., 2010; Dixit et al., 2012), by rupture of 
the intestinal barrier and/or by reduction of the expression of the redox-sensitive membrane-
cytoskeleton protein occludin (Rao et al., 2002; Sheth et al., 2003).  
After birth, intensive development of the SI is induced by the shift from parenteral to enteral nutrition. 
These adaptations take place continuously during the whole neonatal period (Zabielski et al., 2008). 
Differences in gastro-intestinal development between IUGR and normal birth weight (NBW) neonates 
have been extensively documented. However, it is still unclear whether the intestinal dysfunction lasts 
during the early life of IUGR subjects, and the effect of IUGR on the redox homeostasis of SI is 
unknown. In the present study, it was hypothesized that IUGR has an effect on the intestinal barrier 
function, and is accompanied by disturbed responses to birth oxidative stress during neonatal period. 
To test this hypothesis, the intestinal barrier function was assessed ex vivo by measuring the 
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permeability of markers with different molecular weights and the expression of TJs proteins, and their 
association with inflammatory responses. Also, markers of oxidative stress, components of the GSH 
redox cycle, the antioxidant system, both on transcriptional and translational level were analyzed 
during the 3-week nursing period of IUGR and NBW littermates. 
2 MATERIALS & METHODS 
2.1 Pig model and tissue collection 
The experiment was carried out according to the guidelines of the Ethical Committee of Ghent 
University (Belgium) for the humane care and use of animals in research (Nr. EC2011/195). Twenty-
four pairs of piglets (Topigs hybrid x Piétrain) were selected from twenty-three sows in one farm with 
a four-week farrowing system, during two consecutive farrowing rounds. No cross-fostered piglets were 
included in the experiment. Full term newborns were weighed within 12 hours after parturition to 
determine birth weight and gender. Piglets were individually tagged with a unique ear tag and birth 
weight was used as criterion to identify IUGR and NBW littermates. An IUGR piglet was defined as 
piglet having a birth weight between 0.75 and 0.90 kg in a litter with 14 or more live-born piglets, and 
belonging to the lower quartile of the litter birth weights, while a NBW littermate had a birth weight 
within ± 1 standard deviation of the mean birth weight of the whole litter. In the current study, average 
birth weight for all IUGR and NBW piglets in the study was 0.81 ± 0.02 and 1.30 ± 0.03 kg, 
respectively. All piglets were able to suckle the sow until sampling. Six couples of IUGR and NBW 
gender-matched littermates were sampled on days 0, 3, 8 and 19 postnatal (DPN0, 3, 8, 19). Piglets 
sampled on DPN0 were removed from the sow between 12 and 24 h after parturition. Colostrum 
intake was verified by visual check and palpation, especially for the IUGR ones. All the selected animals 
did not receive any antibiotic treatment prior or during the experiment. 
Prior to removing the gastro-intestinal tract (GIT), piglets were killed by exsanguination following 
induction of terminal anesthesia by intra-peritoneal sodium pentobarbital at a dosage of 90 mg/kg 
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body weight (Dolethal®, Vétoquinol S.A., Aartselaar, Belgium). The SI, defined as the part of the GIT 
between the pylorus and the ileo-cecal valve, was obtained and its length was measured. A 10 cm 
segment of proximal and distal SI (5% and 75% of total SI length) was taken for Ussing chamber 
measurements. In addition, 20 cm segments at 5% or 75% of the total SI length were emptied and 
carefully flushed with saline. The tissue of these 20 cm segments was placed on an ice-cold surface and 
the mucosa was retrieved by gently scraping the mucosal surface with a glass slide. Then, the mucosa 
scraping was transferred to a glass beaker and stirred with a spoon to obtain a homogeneous 
representative sample. Aliquots of the mucosa were either used instantaneously for acid and phosphate 
buffered aqueous extracts or transferred to plastic 2 mL screw-capped tubes, snap-frozen in liquid 
nitrogen and stored at -80°C pending gene and protein expression analysis. Finally, 10 cm segments 
at 5% or 75% of the total SI length were taken, flushed with saline, fixated in 10% formaldehyde 
buffer and paraffin-embedded for histo-morphological and cell density measurements. 
2.2 Ex vivo measurement of intestinal permeability 
Intestinal mucosal permeability was assessed ex vivo by measuring the translocation of macromolecular 
markers using the Ussing chamber technique. Fresh segments of proximal or distal SI were first rinsed 
with saline, then collected in duplicate, stripped from the seromuscular layer, pinned onto 1.07 
cm2 sliders and mounted into modified Ussing chambers (Dipl.-Ing. Muβler Scientific Instruments, 
Aachen, Germany). All tissues were mounted within 15 minutes following euthanasia. Tissues were 
surrounded by 6.5 mL Ringer solution (115 mmol/L NaCl, 5 mmol/L KCl, 25 mmol/L NaHCO3, 
2.4 mmol/L Na2HPO4, 0.4 mmol/L NaH2PO4, 1.25 mmol/L CaCl2, 1 mmol/L MgSO4) with 6 
mmol/L of mannitol or glucose in the luminal and serosal side, respectively. The system was water-
jacketed to 37 °C and oxygenated with 95% O2 and 5% CO2 gas flow. After an equilibration period 
of 20 min, 4 kDa fluorescein isothiocyanate-dextran (FD4, Sigma-Aldrich, Bornem, Belgium) and 40 
kDa horseradish peroxidase (HRP, type IV, Sigma-Aldrich, Bornem, Belgium) were added to the 
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mucosal side to a final concentration of 0.8 mg/mL of FD4 and 0.4 mg/mL of HRP. Samples from 
serosal side were taken at 20, 40, 60 and 100 min after adding markers. Meanwhile, the same volume 
of Ringer solution was also taken from the mucosal side to keep the volume balance across sides. 
Fluorescence intensity of FD4 in the medium was measured at excitation wavelength of 485 nm and 
emission wavelength of 538 nm using a fluorescence plate reader (Thermo Scientific, Marietta, OH, 
USA). Enzymatic activity of HRP was measured according to the method described previously (McKie 
et al., 1999). 
The apparent permeation coefficient (Papp) was calculated as: Papp (cm/s): (dc/dt) × V/c0/A, whereby 
dc/dt is the change of serosal concentration in the 20- to 100-min period; V is the volume of the 
chamber, c0 is the initial marker concentration in the mucosal reservoirs and A is the area of the 
exposed intestine in the chambers (cm2).  
2.3 Tissue homogenate extracts and biochemical assays 
First, total protein content was determined with the biuret method. Mucosal GSH and GSSG were 
measured using a modified high performance liquid chromatography (HPLC) method (Reed et al., 
1980; Degroote et al., 2012; Vergauwen et al., 2015). Briefly, an acid extract was prepared by 
approximately 1 g of homogenized mucosa in 10 mL ice-cold perchloric acid (PCA), 10 % solution 
with a Braun homogenizer at 900 rpm. This homogenate was then centrifuged at 15,000 G for 15 min 
at 4 °C. After that, 0.5 mL of the resulting acid extract was transferred to tubes containing 50 μL γ-
glu-glu internal standard solution. Samples were then snap frozen in liquid nitrogen and stored at -
80 °C until analysis of GSH and glutathione disulfide (GSSG).  
The derivation procedure includes the reaction of 100 mmol/L iodoacetic acid solution with thiols to 
form S-carboxymethyl derivatives followed by chromophore derivation of primary amines with 
dinitrofluorobenzene (DNFB, 1% (v/v) in ethanol). Then, GSH and GSSG were separated through 
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HPLC (Agilent 1200 series system, equipped with degasser, auto sampler, EC250/4.6 Nucleosil 120-
7 NH2 aminopropyl column (Machery-Nagel, Düren, Germany) protected by the same NH2 guard 
column (CC8/4), quaternary pump, column oven and UV detector). Chromatographic runs were 
performed at a flow-rate of 1.5 mL/min, starting at 80% solvent A / 20% solvent B for 5 min followed 
by a 10 min linear gradient to 1% solvent A / 99% solvent B and a 10 min isocratic period at 1% 
solvent A / 99% solvent B (solvent A: water-methanol solution (1:4, v/v), solvent B: 0.5 mol/L sodium 
acetate–64% methanol). The column was then re-equilibrated to the initial conditions for 15 min. 
The column temperature was maintained at 40°C. The UV detector was set at 365 nm for absorption 
measurements. GSH and GSSG were identified by retention times of authentic standards. 
Concentrations were determined by using the internal and external standards and expressed as μmol/g 
protein. 
In addition, a phosphate buffered aqueous extract was made by mixing approximately 1 g of 
homogenized mucosa in 10 mL ice cold 1% Triton-X-100 phosphate buffer solution (pH = 7.0), by 
using an Ultra-Turrax dispensing machine (IKA-Werke GmbH & Co. KG, Staufen, Germany). The 
supernatant was then transferred to 2mL tubes, snap frozen and stored at -80 °C until analysis. The 
thiobarbituric acid reactive substances (TBARS) method was employed and expressed as 
malondialdehyde (MDA) concentrations to assess lipid peroxidation (Grotto et al., 2007). 
2.4 Histo-morphological and cell density measurements  
To further substantiate the differences found in functional permeability at 5% of SI length at DPN0 
and DPN3, histo-morphological and cell density measurements were performed. Histo-morphological 
variables were determined according to De Vos et al. (De Vos et al., 2014). In brief, of paraffin-
embedded samples 4 μm sections were mounted on slides and stained with hematoxylin-eosin. Villus 
height, mid-villus width, and crypt depth were measured at 10× magnification using an Olympus 
Chapter II|IUGR AND SUCKLING PIGLETS 
32| 
BX61 microscope and analySIS Pro (Olympus Belgium, Aartselar, Belgium) in 30 well-oriented villi 
and associated crypts. Villus surface area was calculated by the following equation: 
Villus surface area = 2π ൈ (villus width/2) ൈ villus height  
The volume density (Vv) of the cell nuclei in the lamina propria mucosae was estimated using the 
CastGrid image analysis software (Olympus Belgium, Aartselaar, Belgium) in 4 μm paraffin sections 
that were stained with haematoxylin-eosin. A point grid at magnification 200x. The following equation 
was used to calculate the Vv (cell nuclei, lamina propriae mucosae): 
Vv = ∑P(cell nuclei)/∑P(lamina propriae mucosae) 
Where ∑P (cell nuclei) is the number of points of the counting grid that hit cell nuclei and ∑P(lamina 
propria mucosae) is the number of points hitting the lamina propria mucosae. The optimal density of 
the stereological grid (number of points), the number of sections and the number of fields were 
estimated as described previously (Gundersen & Jensen, 1987) and resulted in analysing approximately 
30 fields of vision in at least 15 systematic random sections of each tissue block. 
2.5 RNA isolation and reverse transcription quantitative PCR (RT-qPCR) 
Because major differences in permeability were found at the proximal SI, gene expression was 
performed on proximal intestinal mucosa samples. Mucosal total RNA was isolated from snap-frozen 
intestinal mucosa at 5% of SI length, using Bio-Rad Aurum Total RNA Fatty and Fibrous Tissue Kit 
(Bio-Rad Laboratories, Hercules, CA, USA), including an on-column DNase treatment to remove 
genomic DNA (gDNA). The concentration (ranging between 250-1200 ng/μL) and purity (OD 
260/280 ranging between 1.9-2.2) of RNA was measured with NanoDrop ND-1000 (Nanodrop 
Technologies, Thermo Scientific, Wilmington, DE, USA). Integrity of RNA was verified by loading 
RNA onto a 0.8% agarose gel and evaluating the 28S and 18S ribosomal RNA bands, while verification 
of the absence of any gDNA contamination by means of a minus reverse transcription control PCR 
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using YWHAZ primers (Table II–1). Then 1 μg of high-quality gDNA-free RNA from each sample 
was converted to cDNA in the subsequent 20 μL RT reaction with ImProm-II cDNA synthesis kit 
(Promega, Madison, USA), containing both oligo dT and random primers. The cDNA was diluted 10 
times with molecular grade water before verification of the reverse transcription reaction through a 
control PCR using 2 μL cDNA and the same YWHAZ primers as mentioned above.  
Primers used for the target genes in the present study were designed with PRIMER3PLUS (Untergasser 
et al., 2007), based on the certain exon-exon boundaries of published pig gene sequences, to amplify 
the specific isoforms of the genes listed in Table II-1. The mutations and the secondary structure in 
target sequence was checked with RepeatMarker and mFold (Zuker, 2003), respectively. The RT-
qPCR was performed on the CFX96 Touch Real-Time PCR Detection System (Bio-Rad Laboratories, 
Hercules, CA, USA). Briefly, 2 μL of cDNA template was added to a total volume of 10 μL containing 
2× KAPA SYBR FAST qPCR Kit Master Mix (Kapa Biosystems, Inc, Wilmington, MA, USA) and 
0.5 μmol/L each of forward and reverse primers. The following protocol was used for RT-qPCR, (i) 
enzyme activation and initial denaturation (95°C for 3 min); (ii) denaturation/annealing/extension 
and data acquisition, repeated 40 cycles (95°C for 20 s, 40 s at annealing temperature depending on 
primer), (iii) melt curve analysis from 70°C to 90 °C with 0.5°C increment every 5 seconds. A five-
fold dilution series (5 points) of cDNA was included in each run to determine PCR efficiency by 
constructing a relative standard curve. In this study, PCR efficiencies were consistently between 95%-
108% and were used to convert the Cq-values into raw data. The relative expression was expressed as 
a ratio of the target gene to the stable expressed reference gene, then the highest expressed samples were 
used as calibrator for the normalization of raw data.  
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Table II–1    Primer sequences used for RT-qPCR * 
Gene Symbol Accession NO. Nucleotide sequence of primers (5’-3’) Product length (bp) 
ACTB XM_003124280.3 F: TCTGGCACCACACCTTCT R: TGATCTGGGTCATCTTCTCAC 114 
HMBS DQ178125 F: CTGTTTACCAAGGAGCTGGAAC 
R: TGAAGCCAGGAGGAAGCA 
100 
HPRT1 DQ178126 F: CCGAGGATTTGGAAAAGGT R:CTATTTCTGTTCAGTGCTTTGATGT 181 
TBP DQ178129 F: GATGGACGTTCGGTTTAGG R: AGCAGCACAGTACGAGCAA 124 
TOP2B NM_001258386.1 F: ATGCAACCAACACATCCTATC 
R: GCATTATTAGCGTGCTGTCTT 
137 
YWHAZ DQ845179 F: AACTGGATGATGCTAATGATGCT R: TGGAAAAACTCCGTATCTGTCTC 178 
RPL4 XM_005659862 F: CAAGAGTAACTACAACCTTC R: GAACTCTACGATGAATCTTC 122 
PPIA NM_214353 F: CTGAAGCATACGGGTCCTGG 
R: TGCCCTCTTTCACTTTGCCA 
139 
OCLN NM_001163647.2 F: CATGGCTGCCTTCTGCTTCATTGC R: ACCATCACACCCAGGATAGCACTCA 129 
HP 
(zonulin) NM_214000.2 
F: TGATTTTCCATCCTGACAACTCCAC 
R: CCCACAAGCCCCACATTCAC 130 
SOD1 NM_001190422 F: GGTCCTCACTTCAATCCTGAATCC 
R: CACACCATCTTTGCCAGCAGT 
102 
GPX1 NM_214201.1 F: TGCTCATTGAGAACGTAGCGT R: CAGGATCTCCCCATTCTTGGC 161 
CAT NM_214301.2 F: TGGACACAGGCACATGAACGGATAT R:CTTGCTGCATCTTCAACGGAAAGGT 132 
PPARG NM_214379.1 F: TCCAGCATTTCCACTCCACAC 
R: GGGACACAGGCTCCACTTTG 
127 
VNN1 NM_214133.1 F: TGAAGCCACCGTCTGGACCTGTCT R:CCTTGTGCCACGAGGTCTGCTGAAG 100 
TXNRD1 NM_214154.3 F: GTGCTGAGGAGCTTCCCGAGATGT R:TCCAGGACCATGACCCGCTTGTTAA 118 
HMOX1 NM_001004027.1 F: CGCTCCCGAATGAACACTCT 
R: GCGAGGGTCTCTGGTCCTTA 
148 
TNF-α NM_214022.1 F: CATGATCCGAGACGTGGAGC R: AACCTCGAAGTGCAGTAGGC 151 
* F, forward primer; R, reverse primer; ACTB, β-actin; HMBS, hydroxymethylbilane synthase; HPRT1, hypoxanthine
phosphoribosyltransferase 1; TBP, TATA box binding protein; TOP2B, topoisomerase (DNA) II beta; YWHAZ, tyrosine
3-monooxygenase/tryptophan 5-monooxygenase activation protein, zeta; RPL4, ribosomal protein L4; PPIA,
peptidylprolyl isomerase A; OCLN, occludin; HP, haptoglobin (alias:zonulin); SOD1, Copper/zinc superoxide dismutase;
GPX1, glutathione peroxidase 1; CAT, catalase; PPARG, peroxisome proliferator-activated receptor gamma; VNN1,
Vanin-1; TXNRD1, thioredoxin reductase; HMOX1, heme oxygenase 1; TNF-α, tumor necrosis factor alpha. All these
primer sequences were designed based on the sequence corresponding to the accession number.
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2.6 Reference gene selection 
A selection of reference gene was done using 8 commonly used reference genes (ACTB, HMBS, 
HPRT1, TBP, TOP2B, YWHAZ, RPL4, and PPIA). Their expressions in two samples from both 
IUGR and NBW piglets at each time points were measured using RT-qPCR as described above. 
Primers for ACTB, HMBS, HPRT1, TBP, TOP2B and YWHAZ were obtained from Erkens et al. 
(Erkens et al., 2006), while primers for RPL4 and PPIA were designed using Primer3Plus as above 
mentioned. The raw data were analyzed using the geNorm algorithm (Vandesompele et al., 2002). 
The stepwise exclusion of the reference gene with the least stable expression showed that TBP was the 
two most stably expressed reference genes in the analyzed samples (Figure II–1). Thus, TBP was used 
as the reference gene in this study to normalize the raw data of RT-qPCR. 
Figure II–1 GeNorm result of reference gene stability. 
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2.7 Gel electrophoresis and Western Blotting 
To confirm whether the transcriptional regulation also occurred at the translational level, Western 
blotting analyses were applied. To this purpose, 100 mg of frozen samples of the proximal SI mucosa 
were homogenized in T-PER reagent (w/v, 1:10, Pierce Chemical, Rockford, IL, USA) supplemented 
with a complete protease inhibitor cocktail (Pierce Chemical, Rockford, IL, USA). The protein 
concentration of each lysate was determined using the bicinchoninic acid (BCA) protein assay (Pierce 
Chemical, Rockford, IL, USA). Afterwards, 30 μg of each protein extract was analyzed by sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) using Mini protean TGX 4% to 15% 
gradient gels (Bio-Rad Laboratories N.V., Winninglaan, Temse, Belgium). Separated proteins were 
transferred to a PVDF membrane (Merck KGaA, Darmstadt, Germany) using the Trans-Blot SD 
Semi-Dry Electrophoretic Transfer Cell (Bio-Rad Laboratories). After blocking for 1 h with 5% nonfat 
dry milk in phosphate buffered saline plus 0.1% Tween-20 (PBST), blots were probed overnight (4 
°C) with one of the following primary antibodies: i) anti-occludin (Rabbit monoclonal antibody 
(mAb), 1:1000, Abcam, Cambridge, UK), ii) anti-HO (Rabbit mAb, 1:1000, Abcam, Cambridge, 
UK), iii) anti-GPX (Rabbit mAb, 1:1000, Cell signaling Technology, Danvers, MA, USA), iv) anti-
TNFα (Rabbit mAb, 1:500, Cell Signaling Technology, Danvers, MA, USA), and v) anti-GAPDH 
(Rabbit mAb, 1:1000, Cell Signaling Technology, Danvers, MA, USA). The blots were washed in 
PBST and subsequently incubated for 30 min (room temperature) with HRP conjugated goat anti-
rabbit IgG (1:1000, Pierce Chemical, Rockford, IL, USA). The protein bands were visualized using 
the enhanced chemiluminescence substrate (Bio-Rad Laboratories, Hercules, CA, USA) in 
combination with the Chemi Doc MP system (Bio-Rad Laboratories, Hercules, CA, USA) and 
analyzed with Image Lab 4.1 software (Bio-Rad Laboratories, Hercules, CA, USA). 
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2.8 Statistical analysis 
Normality of data and homogeneity of variance were tested using the Brown-Forsyth test in SAS 
Enterprise Guide 7 (SAS Institute, Cary, NC, USA). Data were analyzed by paired T-test comparison 
between IUGR and NBW piglets, and one-way analysis of variance and orthogonal contrasts (Tukey’s 
honestly significant difference) for the different time points (days postnatal) within each type of piglets; 
using animal as experimental unit (n = 6). Data are expressed as means and standard error of mean 
(SEM), and P < 0.05 was considered significant. 
3 RESULTS 
3.1 Body weight and average daily gain of piglets 
Average body weight of IUGR and NBW piglets sampled at birth (DPN0) were 0.77 kg and 1.29 kg, 
respectively (P < 0.01; Table II-2). Between DPN3 and DPN19, IUGR piglets consistently showed 
lower body weights compared to their NBW littermates (P < 0.01). At the end of the trial (DPN19), 
the body weight of IUGR piglets was 60% lower (P < 0.01) than that of NBW piglets. The average 
daily gain of IUGR piglets during the first 19 days of suckling period was constantly lower than the 
NBW littermates (P < 0.05).  
Table II–2 Body weight of sampled IUGR and NBW piglets at birth and during the neonatal period # 
# Values are means ± SEM, n = 6. *, P < 0.05 vs NBW group. **, P < 0.01 vs the NBW group. 
DPN0 DPN3 DPN8 DPN19
Body Weight (kg) 
IUGR 0.77  0.07** 1.09  0.05** 1.69  0.15** 3.01  0.16** 
NBW 1.29  0.08 1.73  0.03 2.88  0.24 4.81  0.32 
Average daily gain 
(kg/d) 
DPN0-3 DPN0-8 DPN0-19
IUGR   0.095  0.027*   0.104  0.016*   0.118  0.009** 
NBW 0.150  0.015 0.178  0.019 0.194  0.012 
Chapter II|IUGR AND SUCKLING PIGLETS 
38| 
3.2 Permeability measurements in proximal and distal SI 
Compared with NBW piglets, IUGR piglets showed both higher FD4 and HRP fluxes in the proximal 
SI at DPN0 and DPN3 (P < 0.01), while at DPN8 and DPN19, neither FD4 nor HRP flux was 
different (P > 0.05) between IUGR and NBW piglets (Fig. II–2). Both FD4 and HRP fluxes remained 
at the same level of DPN0 in IUGR piglets during the whole neonatal period, while in NBW piglets, 
FD4 flux increased from DPN3 to DPN8 and to DPN19 (P < 0.05) and HRP flux increased on 
DPN19 in NBW piglets. As for distal SI, only HRP flux at DPN0 differed between the two types of 
piglets (P < 0.01). 
Figure II–2 Intestinal permeability of IUGR and NBW piglets during the neonatal period. (A) FD4 flux at 5% of SI; (B) 
HRP flux at 5% of SI; (C) FD4 flux at 75% of SI; (D) HRP flux at 75% of SI. Data are means ± SEM; n = 6 for each 
group. **, P < 0.01 IUGR vs NBW. Means with different lower cases (x, y and z) represent differences between time points 
within IUGR piglets or NBW piglets, respectively (P < 0.05). 
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3.3 Tight junction protein and TNF-α expressions in the proximal SI 
The protein and gene expression of occludin (OCLN) and the gene expression of zonulin can be found 
in Fig. II-3. On DPN0 and DPN19, the expression of OCLN, both on translational and 
transcriptional level, was different between IUGR and NBW piglets (P < 0.01). Meanwhile, OCLN 
expression was upregulated on DPN3 in both types of piglets (P < 0.01). However, on DPN19, OCLN 
expression was downregulated in IUGR piglets while no difference was observed in NBW piglets (P > 
0.05). Zonulin was not affected by type of piglets, neither by days postnatal (P > 0.05). TNF-α was 
lower in IUGR compared to NBW at DPN0, whereas it was higher at DPN19 (P < 0.01) (Fig. II-3B). 
Additionally, TNF-α mRNA level did not change in NBW subjects throughout the experimental 
period postnatal (P > 0.05), while it experienced twice upregulation in the IUGR population, 
respectively on DPN3 and DPN19 (P < 0.01). Eventually, from DPN0 to DPN3, the expression of 
TNF-α increased more than 4-fold (P < 0.01). 
Figure II–3 Relative expressions of OCLN (A), TNF-α (B) and zonulin (C) with the corresponding western blot result at 
5% of SI from IUGR and NBW neonates at DPN0, DPN3, DPN8 and DPN19. Data are means ± SEM; n = 6 for each 
group. **, P < 0.01 IUGR vs. NBW. Means with different letters represent difference between different time points within 
IUGR piglets (a, b and c) or NBW piglets (x, y and z), respectively. 
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3.4 GSSG/GSH ratio and MDA content in the SI. 
At all the time points in this study, GSH, GSSG, GSSG/GSH ratio and MDA content did not differ 
neither in proximal nor distal SI between the two types of piglets (P > 0.05). As an example, data for 
the proximal SI are given in Fig. II-4. However, in the proximal SI of IUGR piglets, the GSH content 
showed first an increase on DPN3, then a drop on DPN19 (P < 0.05), while for NBW piglets the 
GSH content remained high and declined only on DPN19. In addition, the increase in GSSG/GSH 
ratio between DPN0 and DPN3 was limited for NBW (P > 0.05); whereas a nearly 2-fold increase was 
seen for IUGR but not statistically significant (P > 0.05). MDA concentration in the proximal SI was 
significantly higher at DPN0 compared to other sampling points, both in IUGR and NBW piglets (P 
< 0.05). 
Figure II–4 GSH content (A), GSSG content (B), GSSG/GSH ratio (C) and MDA content (D) at 5% of SI at DPN0, 
DPN3, DPN8 and DPN19. Data are means ± SEM; n = 6 for each group. In all cases, IUGR vs. NBW, P > 0.05. Means 
with different letters represent difference between different time points within IUGR piglets (a, b and c) or NBW piglets 
(x, y and z), respectively. 
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3.5 Antioxidant capacity in the proximal SI mucosa 
There was no difference of SOD1 mRNA level between IUGR and NBW piglets during DPN0 to 
DPN19 (Fig. II-5). On DPN0, compared with NBW piglets, lower expression of heme oxygenase 1 
(HMOX1), CAT, peroxisome proliferator-activated receptor gamma (PPARG) and thioredoxin 
reductase 1 (TXNRD1) was found in the IUGR subjects (P < 0.01). GPX1 and Vanin-1 (VNN1) 
showed no difference between IUGR and NBW piglets on DPN0 (P > 0.05). Also, on DPN3 and 
DPN8, all the measured redox sensitive genes showed no difference between IUGR and NBW piglets 
(P > 0.05). On DPN19, the mRNA level of HMOX1, CAT, PPARG, GPX1 and TXNRD1, was 
lower in IUGR piglets than that in NBW piglets (P < 0.01). In contrast, IUGR piglets showed higher 
VNN1 expression than NBW piglets on DPN19 (P < 0.01). Interestingly, in IUGR piglets, all of the 
measured genes experienced an upregulation on DPN3, followed by a downregulation towards DPN19 
(P < 0.05), except VNN1, which showed only an upregulation on DPN19 and GPX1, which exhibited 
a downregulation on DPN19 (P < 0.05). In NBW piglets, GPX1 and VNN1 were found being down 
regulated when DPN19 was compared with DPN0 (P < 0.05), whereas SOD1 was upregulated in that 
respect (P < 0.05). 
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Figure II–5 Relative mRNA level of SOD1 (A), HMOX1 (B), CAT (C), PPARG(D), GPX1 (E), VNN1 (F) and TXNRD1 
(G) with the corresponding western blot results at 5% of SI from IUGR and NBW neonates at DPN0, DPN3, DPN8 and 
DPN19. Data are means ± SEM; n = 6 for each group. **P < 0.01 IUGR vs. NBW. Means with different letters represent 
difference between different time points within IUGR piglets (a, b and c) or NBW piglets (x, y and z), respectively. 
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3.6 Histo-morphological and cell density measurements in the proximal SI. 
Since major differences in intestinal permeability were found in the proximal SI at DPN0 and DPN3, 
histo-morphological and cell density measurements were done for these cases (Table II-3). Results show 
that there was no difference between IUGR and NBW piglets on DPN0 and DPN3 for villus height, 
villus surface area and crypt depth. A tendency of higher cell density in the lamina propria was observed 
in IUGR piglets on DPN0 (P = 0.06). 
Table II–3 Histo-morphological and cell density measurements in the proximal SI from piglets on DPN0 and 
DPN3 * 
*Values are means ± SEM, n = 6 per group. There was no difference between IUGR and NBW piglets on DPN0 and DPN3 for villus 
height, villus surface area and crypt depth.  
#A tendency of higher percentage of lamina propria cells in IUGR piglets on DPN0 (P = 0.06). 
4 DISCUSSION 
Using the neonatal piglet model, we demonstrated that IUGR is associated with major changes in the 
epithelial barrier function, as well as antioxidant capacity in the proximal SI mucosa. Also, IUGR 
modified the TNF-α cytokine expression on the first day of life and at the end of the neonatal period. 
However, the redox status represented by the GSSG/GSH ratio and MDA concentration, and intesinal 
absorptive area were not affected by IUGR during the neonatal period.  
A disturbed barrier function is associated with increased permeation of macromolecules through 
paracellular or transcellular pathways. Previously, a disruption in colonic barrier was found in neonatal 
DPN0 DPN3
IUGR NBW IUGR NBW
Villus height (m) 672  35 671  43 730  77 752  38 
Villus surface area (10-3 cm2) 1.09  0.05 1.18  0.13 1.35  0.10 1.45  0.06 
Crypt depth (m) 93  6 99  7 112  2 116  4 
Lamina propria cells (%) 65  6# 51  4 67  2 69  3 
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IUGR rat (Fanca-Berthon et al., 2009). The two markers FD4 and HRP, used in our study, are 
primarily used to study the permeation through paracellular and paracellular/transcellular pathways, 
respectively (Boudry, 2005). The neonatal intestinal epithelium of pigs is characterized by a high 
permeability to macromolecules after birth, allowing the absorption of maternal immunoglobulins by 
receptor-mediated endocytosis, providing the pig passive immunity (Westrom et al., 1984; Pacha, 
2000). This high permeability gradually decreases after birth, which is called “gut closure”. The process 
of gut closure is commonly completed before 36 h after birth. In our study, the DPN0 sampling time 
was > 12 h after birth and every piglet had prior access to colostrum. Since gut closure is related to 
colostrum intake (Westrom et al., 1984), and it is well known that the colostrum intake of low-birth-
weight piglets is delayed and inadequate (Le Dividich et al., 2005; Quesnel et al., 2012; Yuan et al., 
2015), we can assume a delayed gut closure in the IUGR piglets. This might explain the higher HRP 
flux in the IUGR compared to the NBW piglets at DPN0. However, FD4 represents the paracellular 
permeability and should not be affected by the gut closure phenomenon. Therefore, we assume that 
the higher permeability in the IUGR neonates truly indicates that the barrier function is compromised, 
which can promote the translocation of antigens and/or bacteria causing inflammatory responses. 
Similarly, D’Inca et al. speculated the IUGR induced elevated expression of peptide transporter PEPT1 
and high density of adherent bacteria and translocation which may result in a decrease in barrier 
function (D'Inca et al., 2011). In terms of ontogenetic maturation, increased permeability was found 
in NBW piglets at DPN19 as compared to prior sampling dates, indicating that at the end of the 
neonatal period (3-week weaning system) a higher paracellular permeability is present. A similar 
observation was reported by Huygelen et al. (2014), who found a higher lactose/mannitol ratio in both 
IUGR and NBW piglets at the end of neonatal period . In the present study, greater differences in 
permeability were found in the proximal SI compared to distal SI, in line with other parameters 
indicating that the development of the intestinal epithelium is site specific (Jolma et al., 1980; 
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Drozdowski et al., 2010; Yuan et al., 2015). These phenomena might be related to differences in local 
or maternally derived growth factors and/or pancreatic secretion to the gut lumen (Telemo et al., 1987; 
Martin et al., 1993, 1997).  
Zonulin is the only physiological modulator of intercellular tight junctions described so far that is 
involved in trafficking of macromolecules (Fasano, 2011). Since no difference was observed in the 
proximal SI villus area and expression of zonulin at DPN0 and DPN3 between IUGR and NBW, we 
postulate that the absorptive area of the proximal SI was not responsible for the differences found in 
the ex vivo permeability assay in these early days of neonatal period. This is in contrast with the previous 
studies showing that the villus area and villus height of ileum of 2-day old IUGR piglets were lower 
than the NBW ones (D'Inca et al., 2010b), suggesting that the absorptive area difference is intestinal 
site-specific. The rapid increase of TNF-α mRNA in the proximal SI of IUGR piglets during the first 
3 days of life, is consistent with earlier results regarding other proinflammatory cytokines, like 
interleukin-6 (D'Inca et al., 2011). In line with this, a tendency of higher cell density in the lamina 
propria was observed in IUGR piglets, however only on DPN0. Thus, the greater capacity for epithelial 
permeation during the first days of life in IUGR piglets may induce a high load of antigens, which 
subsequently triggers the intestinal defense system. As HRP and FD4 can both be transported through 
the paracellular pathway, we can assume that the tight junction sealing the space between adjacent cells 
may be affected by IUGR. OCLN is a unique marker of tight junction integrity found in epithelial 
barriers and its presence or relative absence could perhaps shed a light on the type of permeability that 
is affected (Blasig et al., 2011). Many reports have described that the specific membrane localization 
and regulatory contribution to barrier tightness of OCLN can be down regulated by oxidants and 
prevented by antioxidants (Walter et al., 2009; Blasig et al., 2011). The higher tight junction 
permeability in IUGR piglets on DPN0 could be a result of lower OCLN expression. Although on 
DPN3, OCLN mRNA level showed no difference between IUGR and NBW piglets, we should bear 
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in mind that the regulation may happen on other tight junction proteins or their association with the 
actin cytoskeleton.  
Shifts in the GSSG/GSH redox potential due to mucosal GSH oxidation to GSSG would occur during 
acute or chronic intestinal oxidative stress (Shan et al., 1990). A metabolome study reported a decreased 
GSH concentration in 21-d old IUGR compared to NBW piglets (He et al., 2011). In our study, no 
significant difference was found for GSH, GSSG, and GSSG/GSH ratio between IUGR and NBW 
piglets on each separate time point. However, in IUGR subjects, GSH markedly increased from DPN0 
to DPN3, indicating a different regulation on GSH production or consumption in proximal small 
intestinal mucosa. MDA is one of the toxic metabolites produced by lipid peroxidation (Zhang et al., 
2014), it is commonly used as biomarker for oxidative stress (Nielsen et al., 1997), but here its levels 
at different days in neonatal period were not affected by type of piglet. Only from DPN0 to DPN3, 
intestine mucosal MDA both decreased in IUGR and NBW piglets, suggesting IUGR and NBW 
subjects may have similar redox status in the proximal SI during the neonatal period.  
On the other hand, birth oxidative stress could induce excessive ROS production, which is known to 
induce upregulation of the expression of antioxidant enzymes in SI of neonates (Yin et al., 2013). 
Although no difference was found in the redox status represented by GSSG/GSH ratio and MDA, 
remarkable differences both at the translational and transcriptional level of redox-sensitive proteins 
were found. The gene expressions of antioxidant enzymes HMOX1, CAT, TXNRD1 as well as nuclear 
factor PPARG in the proximal SI all showed downregulation on DPN0 and DPN19 in IUGR 
compared to NBW piglets in this study. It is unclear why no differences in gene expression were 
observed at the intermediate sampling points, but only on DPN0 and DPN19. Possible reason for the 
age-specific differences between IUGR and NBW piglets could be the intake of colostrum and milk. 
Within the first few hours after birth, completion for mammary glands occurs among newborn piglets, 
the anterior and middle mammary gland are preferred(Kim et al., 2000). IUGR piglets refer to the 
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runts in a litter, so they may have less chance to suckle from anterior mammary gland. It has been 
proved that the Igs and lactoferrin concentration are different in colostrum/milk from anterior and 
posterior mammary gland(Wu et al., 2010b). Thus, the different colostrum/milk source 
(anterior/posterior mammary gland) could also be a reason these differences. Wang et al. (2010) found 
a reduction of protein disulfide isomerase-associated 3 expression in IUGR subjects, and suggested that 
in IUGR redox-sensitive signaling pathways are attenuated. In line with a previous study on NBW 
piglets, SOD1 expression showed an upregulation during the whole neonatal period in piglets (Yin et 
al., 2013). SOD is the soluble Cu/Zn SOD localized in the intermembrane space or cytosol (Tsang et 
al., 2014), converting superoxide into hydrogen peroxide (H2O2) and molecular oxygen. Inhibition of 
SOD1 induced both pro-oxidant effects mediated by an excess of superoxide, and antioxidant effects 
caused by a decrease in H2O2 (Juarez et al., 2008). In our study, an imbalance between H2O2 
production and scavenging, representing by similar mRNA level of SOD1, and lower mRNA level of 
GPX1 or CAT in IUGR piglets, compared to NBW littermates, was noticed on DPN0 and in 
particular on DPN19. Accumulation of H2O2 resulting from this imbalance, could either increase 
oxidative damage or activate other antioxidant systems. Also, in a previous study with weaned piglets, 
we demonstrated that GPX activity was lower in IUGR piglets compared to NBW littermates (Michiels 
et al., 2013), thus corroborating with the current findings on mRNA level. Furthermore, TRNXD1 
mRNA level was also found to be lower in IUGR piglets. TXNRD1 and glutaredoxin 2 are the only 
enzymes known to keep thioredoxin in the reduced state, during which process ROS are scavenged 
(Zhang et al., 2014). Together with GSSG/GSH, the thioredoxin/thioredoxin disulfide (Trx/TrxSS) 
couple comprises the major intracellular redox system in gut epithelial cells (Circu & Aw, 2012). 
Hence, the lower expression of TRNXD1 may also reflect a disturbed antioxidant capacity of IUGR 
intestinal mucosa. HO catalyzes the degradation of heme and generates CO, biliverdin and iron 
(Tenhunen et al., 1968). Enhanced HMOX1 expression could be induced by oxidative stress and has 
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indirect cytoprotective responses against oxidative stress (Vile et al., 1994; Otterbein & Choi, 2000). 
It has been shown HO is crucial in alleviating oxidative stress in intestinal epithelial cells (Oates & 
West, 2006). We saw that HMOX1 expression in the IUGR pigs was reduced on DPN0 and DPN19, 
giving further proof for altered antioxidant protection in case of an IUGR. PPARγ is a member of the 
nuclear hormone receptor superfamily of transcription factors that regulates genes involved in lipid 
and glucose metabolism. Mounting reports have indicated that PPARγ regulates oxidative status and 
inflammation (Blanquicett et al., 2010). VNN1 is an ectoenzyme anchored at the surface of epithelial 
cells that provides cysteamine to tissues (Berruyer et al., 2006). In VNN1 knock-out mice, the lack of 
cysteamine is associated with elevated endogenous GSH stores in the tissues, leading to a better 
resistance to oxidative stress exposure (Berruyer et al., 2004; Martin et al., 2004). Previous studies have 
also shown that VNN1 is an oxidative stress sensor and acts as a pro-inflammatory molecule by 
inhibiting PPARγ in epithelial cells (Blanquicett et al., 2010; Zhang et al., 2011). Accordingly, the 
increased VNN1 mRNA level and decreased PPARG mRNA level in the proximal SI of IUGR piglets 
at DPN0 and DPN19 from this study provide another line of evidence for the presence of disturbed 
redox-signaling in IUGR offspring during postnatal life. Taken together, although the redox-sensitive 
proteins investigated in this study are regulated through different pathways, they all show lower 
expression in the proximal SI from IUGR piglets, suggesting that there might be a delay in 
development of the antioxidant system in the intestine of IUGR subjects. Meanwhile, we cannot 
exclude that differences in gene expression are associated with differences in proliferation and turnover 
of epithelial cells during the early life of neonates. The exact cell types involved in this differential gene 
expression warrants further investigation.  
5 CONCLUSION 
In summary, results of this study provide evidence for a transient alteration of tight junction 
permeability of proximal small intestinal mucosa, associated with a reduced expression of the tight 
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junction protein OCLN in IUGR neonates. In addition, although redox status represented through 
GSSG/GSH ratio and MDA was not affected by IUGR, there might be a delay in the activation and 
response of the antioxidant system in the proximal SI of IUGR neonatal piglets. Also, the regulation 
mechanism on transcriptional level of redox-sensitive genes might be independent from the redox 
regulator GSSG/GSH couple. Collectively, these changes may explain some mechanisms responsible 
for intestinal dysfunction in IUGR neonates. The consequences and signaling pathways of these 
modifications observed in IUGR neonates for the antioxidant system development remain to be 
elucidated.
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ABSTRACT 
Rare information can be found about the small intestinal development of intrauterine growth 
restriction (IUGR) piglets after weaning. Therefore, the effect of IUGR on small intestinal (SI) 
permeability, redox status and redox-sensitive gene expressions were investigated in piglets from 
weaning to day 28 postweaning. Thirty pairs of IUGR and normal birth weight (NBW) sex-matched 
littermates were marked at birth and weaned at day 19 of age. Small intestinal mucosae were obtained 
at 0, 2, 5, 12 and 28 days postweaning (DPW0, DPW2, DPW5, DPW12 and DPW28). The intestinal 
epithelial permeability was assessed ex vivo by 4 kDa fluorescein isothiocyanate-dextran (FD4) and 
horseradish peroxidase (HRP) fluxes across the epithelium, while intestinal architecture was assessed 
by histomorphological measurements. The redox status of glutathione disulfide/glutathione was 
determined, while transcriptional expressions of redox-sensitive proteins were quantified. Compared 
to the NBW ones, weaned piglets born with IUGR exhibited higher HRP fluxes on DPW5, but lower 
HRP fluxes on DPW12, both in the proximal small intestine (SI, all P < 0.05). Besides, on DPW5, 
IUGR piglets showed higher proximal SI villus height/crypt depth ratios and VNN1 mRNA level, but 
lower mRNA levels of TNF-α, GPX1, PPARG and TXNRD1 (all P < 0.05). It appears that the 
intestinal maturation process and response to weaning is different in IUGR piglets compared to NBW 
ones. Collectively, results from this study add to our understanding the effect of IUGR on the intestine 
during postweaning period. 
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1 INTRODUCTION 
Intrauterine growth restriction (IUGR) results in fetuses/neonates that do not reach their growth 
potential for a given gestational age. Pigs exhibit the most severe and naturally occurring IUGR among 
domestic animals, probably due to the imbalance between genetic selection for large litter size and the 
limited uterine capacity of the sow (Wu et al., 2006). Since IUGR can lead to high perinatal mortality 
and morbidity, as well as reduced growth performance, it is a major concern in pig production 
(Quiniou et al., 2002; Wu et al., 2004a). Being born with IUGR has also been associated with 
continuous impaired intestinal development during the neonatal period (Wang et al., 2010; Huygelen 
et al., 2012; Huygelen et al., 2014). Importantly, IUGR piglets have been shown to suffer from 
impaired antioxidant capacity, especially in the proximal small intestinal mucosa, evidenced by 
downregulated mRNA levels of antioxidant enzymes, such as glutathione peroxidase 1 (GPX1), catalase 
(CAT), heme oxygenase 1 (HMOX1) and thioredoxin reductase 1 (TXNRD1) on 19-d of age in a 21-
d weaning system (Wang et al., 2016). This could imply that IUGR can exert long-term influences on 
the postweaning intestinal antioxidant response of piglets.   
Natural weaning is a gradual process. In contrast, in commercial settings weaning is an abrupt process, 
whereby the piglets are removed from the sow and are subjected to a myriad of stressors (Lalles et al., 
2004; Lalles et al., 2007). Of particular interest, the transition from milk to a solid diet is accompanied 
with multiple changes in the SI development and functioning (Pluske et al., 1997; Bauer et al., 2011; 
He et al., 2011). The disturbed intestinal barrier function induced by weaning has been associated with 
increased susceptibility to infections and piglet oedema disease (Wijtten et al., 2011). In addition to 
the extensively documented weaning induced intestinal dysfunction and morphological alterations, it 
has been reported recently that weaning also causes disrupted oxidative status and inhibition of 
intestinal antioxidant systems (Wang et al., 2008b). The mRNA levels of GPX1 and CAT were lower 
in jejunum of 24-d-old piglets weaned on 21d of age, when compared to age-matched suckling piglets 
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(Wang et al., 2008b; Zhu et al., 2012). In contrast, Degroote et al. (2012; 2015) showed that GPX 
activity at 5 days postweaning (DPW5) is upregulated both in the proximal and distal SI mucosa when 
comparing to their level at weaning age. Though these literature data seem inconsistent, they suggest 
that weaning can affect the intestinal antioxidant response in piglets. Additionally, Yin et al. (2014) 
stated that on DPW3, plasma superoxide dismutase (SOD) and GPX activity was suppressed in a 14-
d weaning system, compared to pre-weaning values . 
Our previous work has shown that in low-birth-weight piglets, the development of the digestive tract 
in the postweaning period is delayed in the distal jejunum, and the plasma antioxidant capacity was 
lower when compared to age-matched normal birth weight (NBW) ones (Michiels et al., 2013). Also, 
Zhang et al. (2015) reported that IUGR piglets showed reduced antioxidant enzyme activity, like 
Cu/Zn SOD (SOD1) in liver, and increased malondialdehyde (MDA) concentration in plasma on 
DPW14 in a 21-d weaning system, compared to the age-matched NBW littermates . To our 
knowledge, most of the differences at the level of small intestine (SI) between IUGR and NBW piglets 
were investigated during the neonatal period. Fragmentary information is available about the intestinal 
redox status and antioxidant system of IUGR piglets after weaning. Thus, we hypothesized that IUGR 
will affect the postweaning mucosal barrier function, morphology and antioxidant response in SI. This 
hypothesis was tested on 19-d old weaned piglets, by evaluating the intestinal histo-morphology, the 
ex vivo permeability of intestinal mucosa, as well as the gene expression of eight redox-sensitive 
biomarkers and inflammatory factors at different time points (DPW0, DPW2, DPW5, DPW12 and 
DPW28).  
2 MATERIALS AND METHODS 
2.1 Animal selection and tissue collection  
The experiment was carried out according to the guidelines of the Ethical Committee of Ghent 
University (Belgium) for the humane care and use of animals in research (Nr. EC2011/195). During 
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two consecutive farrowing rounds, 27 sows with 14 or more live-born piglets (Topigs hybrid x Piétrain) 
was selected, and full term newborns were weighed within 12 hours after parturition to determine birth 
weight and gender. Thirty pairs of piglets (30 males and 30 females) were tagged with a unique ear tag. 
Birth weight was used as criterion to identify IUGR and NBW littermates. An IUGR piglet was defined 
as having a birth weight between 0.75 and 0.95 kg and belonging to the lower quartile of the litter 
birth weights, while a NBW littermate had a birth weight within ± 1 standard deviation of the mean 
birth weight of the whole litter. In total, sixty full term newborn piglets were selected. Cross-fostered 
piglets were excluded from the experiment. Average birth weight for all IUGR and NBW piglets in the 
study was 0.86 ± 0.02 and 1.30 ± 0.03 kg, respectively. All piglets were able to suckle the sow until 
weaning. After being weaned on 19-d of age, piglets were transferred to the nursing unit. Fifteen pens 
(2 × 2.2 ×0.8 m) were used, and 4 IUGR piglets or 4 NBW piglets were housed together in each pen. 
A cereal-soybean based diet (crude protein:17.3%, net energy: 2342 kcal/kg, Table III-1) was provided 
to the piglets and feed intake was recorded daily per pen.  All the selected animals did not receive any 
antibiotic treatment prior or during the experiment, and no diarrhea was observed during the 
experimental period.    
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Table III–1 Composition of the weaner diet used for piglets from weaning till DPW28 
Ingredients (%) 
Barley 33.00 
Wheat 19.87 
Soybean meal 9.00 
Toasted soybean  12.00 
Corn  5.00 
Acid casein whey powder  4.69 
Sugar beet pulp 2.00 
Wheat gluten meal  3.83 
Lactose 2.00 
Lactic Acid 0.60 
Monocalcium Phosphate 0.64 
Calcium formate 0.20 
Sodium formate 0.23 
Potato protein 1.71 
Limestone 0.68 
Trace mineral and vitamin Premix1 1.80 
L-lysine HCl 0.54 
DL-methionine 0.21 
L-threonine 0.15 
L-valine 0.05 
L-tryptophan  0.05 
Soybean oil 2.22 
Lard 1.00 
Caculated Nutrient Values  
NEv 2 (1997) kcal/kg  2567 
Crude protein (g/kg) 179 
Crude fiber (g/kg) 83.7 
Digestible lysine(g/kg) 11 
Digestible methionine + cystine(g/kg) 6.6 
Digestible threonine (g/kg) 6.7 
Digestible tryptophan (g/kg) 2.2 
                                                            
1 The mineral and vitamin premix provided the followed ingredients to per kg diet: Vitamin A, 15000 IU; Vitamin D3, 
2000 IU; Vitamin E, 100 IU; Vitamin K3, 2.5 mg; Vitamin B1, 0.8 mg; Vitamin B2, 5.6 mg; Vitamin B3, 12 mg; Vitamin 
B6, 0.8 mg; Vitamin B12, 0.026 mg; Niacine, 38 mg; Folic acid 0.4 mg; Fe2+, 150 mg; Zn2+, 115 mg; Cu2+, 160 mg; Mn2+, 
34 mg; Se6+, 0.25 mg; I-, 1 mg; Propylgalate, 37.7 mg; BHT, 13.6 mg; Ethoxyquin, 1.92 mg; Phytase (EC3.1.3.26),540 
FTU; Xylanse(EC 3.2.1.8), 70 AXC; Glucanase (EC3.2.1.6), 100AGL. 
2 Net energy for pigs CVB(1997), Centraal Veevoederbureau, Lelystad, The Netherlands. 
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 At DPW0 (before removal from the sow), DPW2, DPW5, DPW12 and DPW28, six couples of 
IUGR and NBW gender-matched littermates (6 females and 6 males) were sampled. Piglets were first 
weighed, then killed by exsanguination following induction of terminal anesthesia by intra-peritoneal 
sodium pentobarbital (90 mg/kg BW). The SI, defined as the part of the gastro-intestinal tract between 
the pylorus and the ileo-cecal valve, was obtained and its length was measured. A 10 cm segment of 
proximal and distal SI (5% and 75% of total SI length, respectively) was taken for Ussing chamber 
measurements. Another 20 cm segment at these two sites were emptied and carefully flushed with 
saline. One part (5 cm) was immersed for 2h in 4% paraformaldehyde solution (0.1M, pH = 7.4) at 
room temperature for fixation, pending further processing for histo-morphology. The other part was 
placed on an ice-cold surface to obtain mucosa by scraping with a glass slide. Aliquots of mucosa were 
either used instantaneously for acid buffered aqueous extracts, or transferred to plastic 2 mL screw-
capped cryovials, snap-frozen in liquid nitrogen and stored at -80°C pending gene expression analysis. 
2.2 Histo-morphology 
After fixation for 2h in 4% paraformaldehyde solution, intestinal sections were rinsed and kept in ice-
cold phosphate buffered saline (pH = 7.4) and processed to paraffin blocks. Transverse paraffin sections 
(5 μm) were conventionally stained with haematoxylin-eosin (HE). Under magnification of 100 times, 
villus height and crypt depth were measured in 30 well-oriented villi and adjacent crypts for each tissue 
sample (Olympus BX 61, Analysis Pro; Olympus Belgium, Aartselaar, Belgium).  
2.3 Biochemical assays 
The acid mucosal extract was used for glutathione (GSH) and glutathione disulfide (GSSG) 
measurement. One gram of mucosa was homogenized in 10 mL ice-cold perchloric acid (10%) with a 
Braun homogenizer at 900 rpm, then centrifuged at 15,000 G for 15 min at 4°C. Subsequently, 0.5 
mL of the resulting acid extract was transferred to tubes containing 50 μL of γ-Glu-Glu internal 
standard solution. The total protein content of mucosa was determined with the biuret method. 
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Mucosal GSH and GSSG were measured using a modified high performance liquid chromatography 
(HPLC) method (Reed et al., 1980; Degroote et al., 2012; Vergauwen et al., 2015; Wang et al., 2016) 
(see Chapter II). 
2.4 Ex vivo measurement of intestinal permeability 
Intestinal mucosal permeability was assessed ex vivo by measuring the translocation of fluorescein 
isothiocyanate dextran 4000 (FD4, 4 kDa) and horseradish peroxidase (HRP, 40 kDa) using the 
Ussing chamber technique as described in Chapter II. Appearance of FD4 and HRP in the serosal side 
was measured as previously described (see Chapter II). 
The apparent permeation coefficient (Papp) was calculated as: Papp (cm/s): (dc/dt) × V/c0/A, whereby 
dc/dt is the change of serosal concentration in the 20- to 100-min period (cm/s); V is the volume of 
the chamber, c0 is the initial marker concentration in the mucosal reservoirs and A is the area of the 
exposed intestine in the chambers (1.07 cm2).  
2.5 RNA isolation and reverse transcription real-time quantitative PCR (RT-qPCR) 
Since main differences between IUGR and NBW piglets were found in proximal SI, the expression of 
redox-sensitive genes was investigated in the proximal SI mucosa samples only. The qPCR experiment 
was performed following the Minimum Information for Publication of Quantitative Real-Time PCR 
Experiments (MIQE) guideline. Primers sequences used for the target and reference genes in the 
present study were obtained from our previous study (Table II–1), and only listed gene isoform can be 
specifically amplified. Mucosal total RNA was isolated using Bio-Rad Aurum Total RNA Fatty and 
Fibrous Tissue Kit (Bio-Rad Laboratories, Hercules, CA, USA), including an on-column DNase 
treatment to remove genomic DNA (gDNA). The concentration (ranging between 250-1200 ng/μL) 
and purity (OD 260/280 ranging between 1.9-2.2) of RNA was measured with NanoDrop ND-1000 
(Nanodrop Technologies, Thermo Scientific, Wilmington, DE, USA). Also, the quality of the 
extracted RNA was verified by identifying the 28S and 18S ribosomal RNA bands after being loaded 
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onto a 0.8% agarose gel, following RT-minus control to confirm the absence of any gDNA 
contamination.  Then, 1 μg of high-quality gDNA-free RNA was converted to cDNA in the 
subsequent 20 μL RT reaction with ImProm-II cDNA synthesis kit (Promega, Madison, WI, USA), 
containing both oligo dT and random primers. The obtained cDNA was diluted 10 times with 
molecular grade water and verified by a RT step using 2 μL diluted cDNA.  
The qPCR was performed on the CFX96 Touch Real-Time PCR Detection System (Bio-Rad 
Laboratories, Hercules, CA, USA) as previously describe in Chapter II. In this study, PCR efficiencies 
were consistently between 96%-102% with r2 >0.996. The comparative quantification cycle (Cq) 
method were used to transform the Cq values to quantities, while the highest relative quantities for 
each target gene were set to 1, and PCR efficiency of every run were included to the normalization of 
raw target gene quantities. The relative mRNA level was expressed as a ratio of the target gene to the 
geometric mean of three most stable expressed reference genes (TBP, HPRT1 and PPIA) selected by 
geNorm algorithm (Vandesompele et al., 2002) using 8 commonly used reference genes (ACTB, 
HMBS, HPRT1, TBP, TOP2B, YWHAZ, RPL4, and PPIA), as previously describe in Chapter II. 
2.6 Statistical analysis 
Normality of data and homogeneity of variance were tested using the Brown-Forsyth test in SAS 
Enterprise Guide 7 (SAS Institute, Cary, NC, USA). Data were analyzed by paired T-test for the 
comparison between IUGR and NBW piglets on individual time points, and by one-way analysis of 
variance (Fisher’s least significant-difference test, LSD) for testing the effect of day postweaning within 
each type of piglets, using animal as experimental unit (n = 6). Data are expressed as means and their 
standard errors (SEM), and P < 0.05 was considered significant. 
3 RESULTS 
3.1 Body weight, average daily gain, average daily intake & relative daily gain 
During the 4-week postweaning period (DPW0-DPW28), IUGR piglets showed lower body weights 
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than their age-matched NBW ones on all the time points in this study (all P <0.05, Table III–2). 
Average daily gain was calculated based on the slaughtering weight and initial weight of the 6 piglets 
on difference sampling time point. During the first 2 days postweaning, IUGR piglets lost less weight 
than the NBW ones (P <0.05), but during the first 12 days postweaning, IUGR piglets showed less 
average daily gain (ADG) than the NBW littermates (P < 0.05).  As for the average daily feed intake 
(ADFI), during the 28 days postweaning, IUGR piglets had significantly lower ADFI than the NBW 
ones (P  < 0.05). Additionally, IUGR piglets showed higher relative ADG (calculated by the feed intake 
per kilo of mean body weight of the experimental period) than the NBW ones during the first 28 days 
postweaning (P <0.05).  
Table III–2 Body weight of sampled IUGR and NBW piglets on different days postweaning  
 Body weight on different days postweaning (kg) 
 DPW0 DPW2 DPW5 DPW12 DPW28 
IUGR 4.41 ± 0.28b,* 3.46 ± 0.27b,* 3.80 ± 0.24b,* 4.60 ± 0.52b,* 11.01 ± 0.94a,* 
NBW   6.37 ± 0.32yz   5.71 ± 0.24yz   5.23 ± 0.36z   7.87 ± 0.65y   14.55 ± 0.96x 
 DPW0-2 DPW0-5 DPW0-12 DPW0-28 
ADG (kg/d) 
IUGR  -0.098 ± 0.023* -0.032 ± 0.015 0.055 ± 0.016* 0.25 ± 0.027 
NBW -0.17 ± 0.015 -0.039 ± 0.012 0.12 ± 0.019 0.30 ± 0.028 
ADFI (kg/d)  
IUGR 0.07 ± 0.026 0.09 ± 0.028 0.14 ± 0.018  0.36 ± 0.007* 
NBW 0.03 ± 0.002 0.14 ± 0.028 0.17 ± 0.015 0.41 ± 0.004 
Relative ADG (%) 
IUGR -2.73 ± 0.62 -0.76 ± 0.32 1.30 ± 0.29   6.41 ± 0.65* 
NBW -2.82 ± 0.26 - 0.74 ± 0.22 1.88 ± 0.29 4.97 ± 0.16 
     
1 Results are expressed as means ± SEM (n = 6). Different letters represent different means within either IUGR (a, b, c) or NBW (x, y, 
z) groups, and * IUGR is different from NBW piglets at the corresponding time point (P <0.05). 
2 Average feed intake data were based on pen level.  
3 Relative ADG was calculated by (Slaughtering weight – Weaning weight)/ Weaning weight. 
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3.2 Ex vivo intestinal permeability 
Compared to age-matched NBW littermates, IUGR piglets showed significantly higher FD4 flux 
before weaning (DPW0, Fig.III-1A), higher HRP flux on DPW5, and lower HRP flux on DPW12 in 
the proximal SI (Fig.III-1A, all P <0.05). In the distal SI (Fig.III-1C&D), no differences in intestinal 
mucosal permeability between IUGR and NBW piglets on each time point were found (all P  > 0.05). 
In the proximal SI of IUGR piglets, comparing to the preweaning level, FD4 flux kept the preweaning 
value on DPW2 and subsequently dropped to about 80% of the preweaning value on DPW5, 12 and 
28 (Fig.III-1A, P <0.05). Meanwhile, the proximal SI HRP flux was 3 times higher on DPW2 as 
compared to the preweaning level. After DPW2, the HRP flux decreased to the preweaning level 
(Fig.III-1B, P > 0.05). In NBW piglets, no difference with time were observed in FD4 flux in the 
proximal SI. The proximal HRP flux showed no difference with the preweaning level on DPW2 and 
DPW5, but it was 50% higher on DPW12 (Fig.III-1D, P < 0.05). In the distal SI, both IUGR and 
NBW piglets showed higher FD4 flux on DPW28 as compared to the preweaning level (Fig.III-1C&D, 
P < 0.05). In NBW piglets, the HRP flux (Fig.III-1D, P > 0.05) was 4 times lower than preweaning 
level on DPW2. 
3.3 Intestinal histo-morphology 
Results of histo-morphological measurements of intestinal sections of IUGR and NBW piglets at 
different time points postweaning are shown in Table III–3. Compared to the age-matched NBW ones, 
IUGR piglets showed higher proximal SI villus to crypt ratio (V/C ratio) on DPW5 (P <0.05). In the 
distal SI, no difference was found between IUGR and NBW piglets during the first 4-week 
postweaning (P >0.05 at all time points).  
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Figure III–1 Ex vivo FD4 or HRP fluxes in proximal (A, B) and distal (C, D) small intestinal mucosa, respectively. Results 
are expressed as means ± SEM (n = 6). Different letters represent different means within either IUGR (a, b, c) or NBW (x, 
y, z) groups, and * represents differences between IUGR and NBW piglets at the corresponding time point (P < 0.05). 
In the proximal SI of IUGR piglets, villus heights and crypt depths were lower on DPW2, and crypts 
were deeper on DPW12 and DPW28, when compared to the preweaning level (P <0.05). In NBW 
piglets, compared to the preweaning level, the villus height in proximal SI was lower on DPW2 and 
DPW5, and crypt depth was higher on DPW5 and DPW12, (all P <0.05). As for the ratio of villus 
height to crypt depth, in the proximal SI, the lowest proximal V/C ratio was found on DPW12 in 
IUGR piglets, compared to the value on other time points (all P <0.05 except vs. DPW5), while in 
NBW piglets, the lowest V/C ratio was found on DPW5 in the proximal SI (all P < 0.05).   
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Compared to the preweaning level, villus height in the distal SI of IUGR piglets, continued to be lower 
at all time points after weaning, whereas crypt depth was only increased on DPW28, (all P <0.05). In 
NBW piglets, when compared to the preweaning level, villus heights remained lower from DPW5 (all 
P <0.05), but it was higher on DPW28 and DPW2 than that on DPW5 and DPW12 postweaning 
(all P < 0.05). The distal SI crypt depth was higher on DPW28, than other time points in NBW piglets 
(all P <0.05). Besides, compared to the preweaning level, the V/C ratio was lower on all the 
postweaning time points in IUGR piglets (P < 0.05), while in NBW piglets, V/C ratios were lower 
from DPW5 to DPW28, comparing to preweaning and DPW2 level (all P < 0.05). 
Table III–2    Effect of IUGR and days postweaning on intestinal morphology 1 
1Values are means ± SEM, n = 6 per group. 
a, b, c, d Means in the same raw with different letters represent difference between different time points within in IUGR or 
NBW piglets (P <0.05). 
*  IUGR is different from NBW piglets on that time point postweaning (P < 0.05). 
 
Days post weaning 
DPW0 DPW2 DPW5 DPW12 DPW28 
Proximal SI 
Villus height 
(μm) 
IUGR 388 ± 30a 302 ± 24b 337 ± 22ab 341 ± 32ab 411 ± 14a 
NBW 390 ± 34a  285 ± 7.8b 269 ± 35b 398 ± 38a 430 ± 34a 
Crypt depth 
(μm) 
IUGR 161 ± 31b  129 ± 7.2c 171 ± 11ab 204 ± 15a 206 ± 14a 
NBW 155 ± 17bc 144 ± 12c 196 ± 5.6a 204 ± 10a 183 ± 14ab 
V/C Ratio 
IUGR 2.54 ± 0.12a  2.34 ± 0.14ab 2.09 ± 0.10bc,* 1.87 ± 0.16c 2.38 ± 0.03a 
NBW 2.69 ± 0.19a 2.05 ± 0.05b 1.41 ± 0.20c  2.18 ± 0.21ab 2.63 ± 0.13a 
Distal SI 
Villus height 
(μm) 
IUGR 546 ± 84a 363 ± 24b 211 ± 31c 268 ± 31bc 405 ± 37b 
NBW 537 ± 76a 410 ± 47ab 244 ± 22c 240 ± 30c 357 ± 25bc 
Crypt depth 
(μm) 
IUGR 91.2 ± 6.4bc 80.8 ± 3.0bc 77.8 ± 4.4c 93.4 ± 5.5b 126.6 ± 6.3a 
NBW 95.9 ± 4.1b 95.4 ± 4.2b 90.8 ± 6.9b 98.6 ± 6.2b 119 ± 9.5a 
V/C Ratio 
IUGR 5.79 ± 1.19a 3.42 ± 0.39b 1.25 ± 0.15c 1.36 ± 0.12c 2.37 ± 0.12b 
NBW 5.01 ± 1.01a 4.34 ± 0.75a 1.36 ± 0.17b 1.16 ± 0.12b 2.22 ± 0.18b 
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3.4 GSH, GSSG, GSSG/GSH ratio in the small intestinal mucosa 
Compared to NBW piglets, in proximal intestine, IUGR piglets showed 50% higher GSH 
concentration before weaning (DPW0) (Fig. III–2A, P <0.05). In the distal SI, GSH concentration 
was higher in IUGR piglets on DPW5 and DPW28 postweaning (Fig. III–2D, P <0.05). 
In the proximal SI, both IUGR and NBW piglets showed higher mucosal GSH concentration on 
DPW12 and DPW28 compared to the value on DPW0 and DPW2 (Fig. III-2A, P <0.05). In the 
distal SI of NBW piglets, the GSH concentration on DPW2 and DPW12 was significantly higher 
than the preweaning level and the level on DPW28 (Fig.III-2D, all P <0.05). The mucosal GSSG 
concentration in distal SI of either IUGR or NBW piglets was higher on DPW28 than the preweaning 
value and on DPW2 (Fig.III-2E, P <0.05). Regarding the GSSG/GSH ratio, in the proximal SI of 
both IUGR and NBW piglets, it was significantly lower on DPW2 than the preweaning level (Fig.III-
2C, P <0.05). 
3.5 Redox-sensitive and inflammatory factor genes expression in the proximal SI 
Compared to NBW littermates, IUGR piglets showed downregulated CAT and SOD1 expression 
(Fig.III-3A&C, P <0.05) before weaning. On DPW5, compared to the age-matched NBW piglets, 
lower mRNA level of GPX1 (Fig.III-3B), TNF-α (Fig.III-3D), TXNRD1 (Fig.III-3F), PPARG 
(Fig.III-3G), and higher mRNA level of CAT (Fig.III-3C) and VNN1 (Fig.III-3H) were found in 
IUGR piglets (all P <0.05). Also, IUGR piglets showed a lower TNF -α mRNA level on DPW2, but 
higher CAT and HMOX1 mRNA level on DPW28 as compared to the age-matched NBW ones (all 
P <0.05). 
Compared to the preweaning level, in IUGR piglets, gene expressions of SOD1, GPX1, TNF-α, 
TXNRD1 and PPARG were upregulated, whereas VNN1 and HMOX1 gene expressions were 
downregulated on DPW12 (P < 0.05). In NBW piglets, the expression of GPX1, TNF, TXNRD1 and 
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PPARG were upregulated on DPW5, when compared with preweaning level, and the downregulation 
of VNN1 and CAT were also observed on DPW5 (P <0.05). 
4 DISCUSSION 
It has been reported that IUGR piglets display attenuated antioxidant genes expression in the proximal 
SI at the end of neonatal period (19 or 21-d of age) (Wang et al., 2010; Wang et al., 2016). Additionally, 
several studies have suggested that weaned piglets born with IUGR showed lower circulatory 
antioxidant capacity as well as delayed development of the digestive tract (Michiels et al., 2013; Zhang 
et al., 2015). Weaning has been well documented for temporarily impairing intestinal barrier function 
and architecture (Pluske et al., 1997; Moeser et al., 2007a; Moeser et al., 2007b; Moeser et al., 2012). 
However, the intestinal permeability and redox status are poorly understood in weaned piglets born 
with IUGR. In the current study, we hypothesized that IUGR can affect the postweaning intestinal 
permeability and antioxidant responses in piglets. We investigated the dynamic changes in the 
permeability of intestinal mucosa, redox status as well as the gene expression of redox-sensitive 
biomarkers in weaned IUGR and NBW piglets. Results showed that in IUGR piglets the weaning 
stress induced distal SI barrier disorder is not observed. Also, it seems that the structural adaptation to 
weaning is depending on birth weight (IUGR vs. NBW). 
Chapter III|IUGR AND WEANING PIGLETS 
 
65 |   
 
 
Figure III–2 GSH (A, D), GSSG (B, E) concentrations and GSSG/GSH ratio (C, F) in proximal or distal small intestinal mucosa, respectively. Results are expressed as means ± SEM 
(n = 6). Different letters represent different means within either IUGR (a, b, c) or NBW NBW (x, y, z) groups, and * represents differences between IUGR and NBW piglets at the 
corresponding time point (P<0.05). 
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Figure III–3 SOD1 (A), GPX1 (B), CAT (C), TNF-α (D), TXNRD1 (E), PPARG (F), HMOX1 (G) and VNN1 (H) 
gene expressions in proximal small intestinal mucosa of weaned IUGR and NBW age-matched littermates. Results are 
expressed as means ± SE (n = 6). Different letters represent different means within either IUGR (a, b, c) or NBW (x, 
y, z) groups, and * represents differences between IUGR and NBW piglets at the corresponding time point (P<0.05).             
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4.1 IUGR affected weaning stress-induced intestinal permeability and histology alterations   
HRP is a glycoprotein that has been widely used as a marker protein for studies of epithelial 
permeability (Heyman et al., 1982; Heyman et al., 1984; Heyman et al., 1988).  As a tracer 
macromolecule, the major transport route for HRP involves lysosomal degradation during the 
intracellular transport, which accounts for 88% of the transport. HRP that escapes metabolic 
degradation is transported by an alternative route requiring the structural and metabolic integrity of 
the epithelial cells (Heyman et al., 1982). Since the HRP in this study was measured by enzymatic 
activity, it refers to the intact protein transport. Therefore, the higher HRP fluxes in the proximal SI 
of IUGR piglets on DPW5 as compared to the NBW littermates indicates that IUGR piglets have a 
more active endocytosis at this site. Similarly, Mickiwicz et al. (2012) reported increased uptake of 
macromolecules in jejunum of 28-d-old non-weaned IUGR piglets, likely due to the high presence of 
enterocyte lysosomes, which normally nearly disappear in the first two weeks after birth . Thus, our 
current finding of the higher transcytosis on DPW5 in IUGR piglets (24-day of age) could be 
attributed to a slower intestinal maturation and adaptation to postnatal life caused by IUGR. In 
contrast, Boudry et al. (2006) reported that jejunal HRP flux was not different in 28-d–old non-
weaned IUGR piglets compared to the NBW ones , suggesting that the IUGR affected transcytosis 
might be intestinal site-specific and lysosomal vacuole-dependent. Notably, in the studies of Mickiwicz 
et al. (2012) and Boudry et al. (2006), the weaning process was not involved. Therefore, the effect of 
weaning cannot be exluded when comparing the results of current study with other literatures.   
Stress is known to stimulate transepithelial macromolecular uptake while keeping the normal 
paracellular function (Saunders et al., 1994; Kiliaan et al., 1998; Gitter et al., 2001; Ménard et al., 
2010). Thus, in IUGR piglets, the increased HRP fluxes on DPW2, as compared to the preweaning 
levels, with similar paracellular permeability are likely associated with weaning stress. In the proximal 
SI of NBW piglets, the enhanced transcytosis with unchanged paracellular permeability was observed 
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on DPW12, suggesting the weaning stress induced intestinal permeability alteration process in the 
proximal SI happens earlier in IUGR piglets. Also, the fact that HRP fluxes on DPW12 in IUGR 
piglets was lower compared with NBW ones, which may result from the enhanced transcytosis in NBW 
ones on DPW12, but attenuated transcytosis in IUGR ones, confirmed that the weaning stress induced 
increased transcytosis happens at different time points in IUGR and NBW piglets. These transcellular 
permeability shift could also be linked with the feed intake, during the first two days postweaning, the 
IUGR piglets showed two-fold feed intake than NBW piglets, indicating that certain amount of feed 
intake could stimulate the endocytosis process. Similar process was observed on DPW12 in NBW 
piglets, when the feed intake was recovered on DPW5.  
In the distal SI, the temporary increase of paracellular permeability on DPW2 in NBW piglets was 
recognized as stress-induced intestinal barrier breakdown (Boudry et al., 2004; Moeser et al., 2007a; 
Montagne et al., 2007; Hu et al., 2013). Meanwhile, the decline of transcytosis in this SI site on DPW2 
could contribute to a prevention of an antigen overload (Wijtten et al., 2011). Both distal paracellular 
and transcellular permeation returned to the preweaning levels on DPW5 in NBW piglets, which is in 
agreement with the widely reported weaning-induced distal SI barrier function loss that takes place 
between DPW1 and DPW5 (Spreeuwenberg et al., 2001; Boudry et al., 2004; Moeser et al., 2007a; 
Moeser et al., 2007b; Wijtten et al., 2011). However, as a response to weaning stress, these distal SI 
permeability alterations were not observed in IUGR piglets. From this it is clear that postweaning 
alterations in paracellular and transcellular permeability are largely site and type of piglet (IUGR vs. 
NBW) dependent. 
Besides intestinal permeability, IUGR also affected the weaning induced villus atrophy process. As a 
result of reduced villus height and crypt hyperplasia, the low V/C ratio is a widely used indicator of SI 
integrity loss (Keating et al., 1995).  A surprising finding in this study is that NBW piglets showed a 
lower V/C ratio than IUGR ones on DPW5, which suggests that IUGR piglets may have better 
Chapter III|IUGR AND WEANING PIGLETS 
 
69 |  
 
nutrient absorptive capacity than NBW piglet at this time point. However, this difference was transient, 
since on DPW12, there was a tendency that IUGR showed a lower V/C ratio than age-matched NBW 
controls. To note, Boudry et al. (2011) stated that differences in villi and crypt surface areas could 
account for the potential differences in permeability. However, regarding IUGR piglets, whether the 
increased transcytosis is associated with morphological alterations is not clear. Further studies are 
needed to address this point. Taken together, both the intestinal permeability and mucosal architecture 
results suggest that piglets born with IUGR display different intestinal adaption process to weaning as 
compared to NBW piglets, probably due to the less prominent effect of weaning aneroxia.  
4.2 IUGR did not affect intestinal redox status represented by GSSG/GSH ratio in weaned piglets 
The GSH/GSSG redox couple is known to modulate intestinal cell transition through proliferation, 
differentiation or apoptosis and to govern the regenerative potential of mucosa (Circu & Aw, 2012). 
In the present study, although IUGR piglets showed higher proximal GSH concentrations on DPW0 
in proximal SI, and higher distal SI GSH concentration on DPW5 and DPW28 than NBW age-
matched littermates, neither alterations in morphological nor barrier function could be related with 
the corresponding alterations of GSH/GSSG redox couple, indicating that weaning induced intestinal 
dysfunction could not be regulated through adjusting the GSSG/GSH ratio.  
4.3 IUGR affected the proximal SI redox-sensitive gene expression 
Since major differences between IUGR and NBW piglets were found in the proximal SI, expression of 
redox-sensitive genes were further investigated in this site. In our previous study, we have demonstrated 
that neonatal piglets with IUGR were not able to perform the similar antioxidant defense in the 
proximal SI as NBW piglets at the end of neonatal period (Wang et al., 2016). Accordingly, in the 
current study, we found significantly lower expression of SOD1 and CAT on 19 day of age in IUGR 
piglets, compared to age-matched suckling NBW piglets. After weaning, CAT expression was higher 
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in IUGR piglets on DPW5 and DPW28 than NBW piglets, suggesting that the upregulation of CAT 
might be postponed in IUGR piglets. 
In line with previous studies, the increased TNF-α expression in NBW piglets of this study 
demonstrates that weaning is associated with inflammation of the SI (Pie et al., 2004). Compromised 
intestinal mucosal barrier by acute fasting may allow passage of luminal antigens into lamina propria 
where an inflammatory response can be started (McCracken et al., 1999). Therefore, the unchanged 
HRP permeability during the first 5 days postweaning forced us to speculate that in current study, the 
weaning anorexia, but not diet shift, was contributing to the intestinal inflammation (McCracken et 
al., 1999). Additionally, considering that TNF-α is a proinflammatory cytokine not only involved in 
increasing TJs permeability but also enhancing transcellular transport (Ménard et al., 2010), the 
sudden increased HPR permeability on DPW12 as compared to the preweaning level in NBW piglets 
might be a consequence of the intestinal inflammation. Therefore, although the feed intake was 
resumed on DPW5 to DPW12, the TNF-α expression still kept at the high level on DPW12 in NBW 
piglets. In IUGR piglets, the lower TNF-α expression compared to NBW piglets on DPW2 indicate 
that the higher HRP fluxes could not be attributed to TNF-α mediated regulation. In this regard, the 
result of TNF-α mRNA level supports that the enhanced transcytosis on DPW2, as compared to 
preweaning level in IUGR piglets could be a reflection of a less mature intestine rather than a weaning 
induced response. In addition, TNF-α is one of the most potent physiological inducers of NF-κB, 
which is involved in the transcription of several key antioxidant enzymes like GPX1 and TXNRD1 
(Chandel et al., 2000). In NBW piglets, the upregulation of GPX1 and TXNRD1 on DPW5, as 
compared to the preweaning level suggests that the weaning-stress induced TNF-α upregulation 
triggered NF-κB activation. In IUGR piglets, GPX1 and TXNRD1 expressions were both lower on 
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DPW5 as compared to NBW ones, which is in agreement with the lower TNF-α expressions on the 
first twelve days after weaning, may indicate a less expression of NF-κB compared to the NBW piglets.  
Hydrogen peroxide (H2O2) is another important signaling molecule for NF-κB activation. CAT 
catalyzes the decomposition of H2O2 to water and oxygen (Chelikani et al., 2004). It has been stated 
that TNF-α can downregulate CAT expression, to keep sufficient H2O2 concentration for appropriate 
activation of the NF-κB, to upregulate the NF-κB dependent antioxidant gene expression (Lupertz et 
al., 2008). Likewise, HMOX1 could inhibit TNF-α-dependent activation of NF-κB expression 
(Banning & Brigelius-Flohé, 2005). Accordingly, the lower mRNA level of CAT and HMOX1 on 
DPW5 in NBW piglets corroborate the upregulation of GPX1 and TXNRD1 expression as compared 
to IUGR ones, likely through regulating NF-κB activation. VNN1 acts as a PPARG antagonist in vivo 
and it exerts proinflammatory activity and promotes oxidative stress through PPARG inhibition 
(Berruyer et al., 2004; Berruyer et al., 2006; Dammanahalli et al., 2012). The higher expression of 
PPARG on DPW5 in NBW piglets indicates that the antioxidant response can be also mediated by 
PPARG. Importantly, most of the above-mentioned genes upregulation was observed on DPW12 in 
IUGR piglets, corroborating the increased TNF-α mRNA level from DPW5 to DPW12, indicating 
that the TNF-α dependent regulation of redox-sensitive genes was postponed in IUGR. Taken 
together, the findings on transcriptional level provide another line of evidence that IUGR may have 
delayed intestinal protective responses to stress.  
5 CONCLUSION 
In NBW piglets, we found that weaning induced alterations in intestinal architecture are accompanied 
by upregulation of TNF-α expression, which may subsequently have triggered increased intestinal 
transcytosis. Meanwhile, the stable GSSG/GSH ratio suggest that the intestinal redox status is not 
related to these alterations. The change in transcriptional pattern of antioxidant genes in the proximal 
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SI of NBW piglets suggests an activation of NF-κB protective pathway. Meanwhile, the weaning 
induced proximal SI architecture changes and barrier function loss, as well as transcriptional 
antioxidant responses were delayed in IUGR piglets. Our results add to the view that IUGR piglets 
may need special nutritional intervention due to the particular intestinal response to stress. 
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Effect of intrauterine growth restriction on glutathione redox 
cycle of weaning piglets when chronically challenged by 
oxidized fat  
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ABSTRACT 
Mounting evidence shows that intrauterine growth restricted (IUGR) offspring exhibit attenuated 
antioxidant responses. However, the nature of the oxidative challenge is not always well defined. The 
consumption of oxidized fat has been proven to induce oxidative stress and redox imbalances. In this 
study, the hypothesis was that the exposure to oxidized fat will differently affect the antioxidant 
glutathione redox cycle in case of IUGR. Weaned piglets born with normal birth weight (NBW) or 
IUGR were randomized to diets containing non-oxidized or oxidized linseed oil. After 5 or 28 days, 
the glutathione/glutathione disulfide (GSH/GSSG) redox couple, as well as activity and transcription 
of key enzymes involved in the GSH redox cycle were evaluated in liver, small intestine and blood. 
Results showed that during the first 5 days after weaning, weaning induced anorexia is prominent in 
NBW piglets as that in IUGR piglets. From day 5 on, feed intake of IUGR piglets were significantly 
lower than that of NBW piglets (P < 0.05). Nonetheless, the more oxidized state of GSH/GSSG redox 
couple and a lower level of GSH in the proximal SI in IUGR piglets, as compared to NBW ones, 
suggests an attenuated GSH dependent antioxidant defense. Moreover, it seems that IUGR resulted 
in a greater entry of lipid peroxidation end-products in the circulation than the NBW piglets, and 
desregulation of GSH dependent enzymes both in the proximal SI and liver. Finally, the regulation 
pattern of redox-sensitive enzymes involved in GSH redox cycle on transcriptional level were different 
between IUGR and NBW piglets. All these results suggest that offspring born with IUGR may need 
specific nutritional care to compensate for less effective endogenous antioxidant response. 
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1 INTRODUCTION 
Intrauterine growth restricted (IUGR) offspring is defined as fetus or newborn that does not reach its 
growth potential at corresponding gestational age (Wu et al., 2006). Besides the well documented 
association between IUGR and high rates of perinatal morbidity and mortality, IUGR has also been 
reported to catalyze susceptibility to metabolic syndromes associated with disturbed redox status 
(Wang et al., 2008a; Rueda-Clausen et al., 2011). Our previous study on neonatal pigs have shown 
that when birth oxidative stress occurs, IUGR neonates seemed to be incapable to trigger proper 
antioxidant response in the small intestinal mucosa, as indicated by lower mRNA level of heme 
oxygenase 1 (HMOX1), catalase (CAT) and thioredoxin reductase 1(TXNRD1), compared to normal 
birth weight (NBW) counterparts (Wang et al., 2016). Moreover, Wang et al. (2010; 2014) found a 
reduced expression of protein disulfide isomerase-associated 3, and increased expressions of 
peroxiredoxin-1, -5, and glutathione S-transferase (GST), compared to the NBW piglets before and 
after birth, stating that the redox-sensitive signaling pathways may be attenuated in IUGR piglets 
(Wang et al., 2010). Importantly, we observed downregulated glutathione peroxidase 1 (GPX1) 
mRNA level in proximal small intestine (SI) mucosa after birth, and lower GPX activity in plasma after 
weaning in IUGR piglets (Michiels et al., 2013; Wang et al., 2016). Additionally, Che et al. (2015) 
reported a decreased GPX activity in liver of IUGR neonatal piglets (Che et al., 2015), indicating an 
attenuated glutathione (GSH) dependent antioxidant function in IUGR piglets. These results suggest 
that compromised redox homeostasis may happen in IUGR offspring when oxidative challenge is 
present. However, in these studies, the nature of the oxidative challenge is not always well understood 
or defined, thus many other factors such as intermediate metabolism or feed consumption level could 
have interfered. Therefore, in the current study, IUGR subjects and NBW counterparts were 
chronically exposed to dietary oxidized fat (OF), to evaluate the effect of IUGR on the GSH redox 
cycle. 
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The consumption of hypercaloric western diets plays an important role in some diet-related chronic 
diseases associated with oxidative stress (Rueda-Clausen et al., 2011; Heinonen et al., 2014; Riccio & 
Rossano, 2015). As components of heated or fried foods, OF is the main inducer of several deteriorative 
changes in chemical, sensory and nutritional properties of foods (Dobarganes & Marquez-Ruiz, 2003). 
One of the most frequently reported effects of OF is the induction of oxidative stress and redox 
imbalance, evidenced by elevated concentrations of lipid peroxidation products, and depletion of 
exogenous and endogenous antioxidants in tissues (Aw, 2005; Varady et al., 2011; Awada et al., 2012; 
Shen et al., 2015). Additionally, dietary OF has been reported to activate the redox sensitive 
transcriptional factors Nrf2 and NF-κB in liver and intestinal mucosa in pig and mouse models 
(Varady et al., 2011; Varady et al., 2012). Since the intestinal mucosa is constantly challenged by diet-
derived oxidants, as well as endogenously generated reactive oxygen species (ROS), it needs to 
maintains high antioxidant concentrations, such as GSH, as a defense mechanism (Aw, 1999; Wu et 
al., 2004b; Aw, 2005; Lu, 2013). GSH, γ-glutamylcysteinylglycine, is a tripeptide present in most 
mammalian cells in thiol-reduced (GSH) or disulfide-oxidized (GSSG) form, particularly in organs 
with intense exposure to exogenous toxins, such as liver and intestine (DeLeve & Kaplowitz, 1991). 
GSH has key functions in protective processes, for instance, detoxification of electrophiles (catalyzed 
by glutathione S-transferase, GST), reductions of peroxides and radicals (by virtue of glutathione 
peroxidase, GPX) and maintenance of redox status (GSSG/GSH ratio) (DeLeve & Kaplowitz, 1991; 
Lu, 1999). There is constant turnover of GSH in the body, and normal cellular GSH homeostasis is 
maintained through de novo synthesis from sulfur-containing precursor amino acids, through 
regeneration from GSSG, and through GSH uptake from exogenous sources via Na+-dependent 
transport systems (Wu et al., 2004b; Lu, 2009). The synthesis of GSH is a two-step reaction, and the 
rate-limiting step in the synthesis is the glutamyl-cysteine ligase (GCL) catalyzed reaction, which is 
subject to feedback regulation by GSH (Deneke & Fanburg, 1989). Numerous studies have shown 
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that dysregulation of GSH redox cycle happens during chronic oxidative injuries (Tsunada et al., 2003; 
Iles & Liu, 2005; Deponte, 2013; Lu, 2013). Importantly, due to the function of GSH in GPX 
catalyzed reduction of lipid hydroperoxides, it has been suggested that the intestinal mucosal GSH 
could ultimately determine the metabolic fate of dietary peroxidized lipids (Wendel & Feuerstein, 
1980; Aw, 1994).  
Given the importance of GSH in intestinal antioxidant defense, we hypothesized that piglets could 
face oxidative stress after chronic consumption of OF, but the antioxidant defense represented by GSH 
redox ratio and regulation of associated enzymes would also be disturbed by IUGR. The objective of 
the present study was to determine whether there is a difference of intestinal GSH dependent 
antioxidant responses between IUGR and NBW piglets consuming OF diet. Also, since the 
biosynthesis of GSH occurs predominantly in the liver, with subsequent release of GSH across the 
sinusoidal membrane into plasma, and hepatocytes can actively export GSSG under oxidative stress, 
the concentration of GSH/GSSG redox couple were also investigated in liver and plasma. 
2 MATERIAL & METHODS 
2.1 Oxidized linseed oil and diets 
Linseed oil was used as the fat source in this study. Non stabilized linseed oil was purchased from 
Mosselman (Ghlin, Belgium). One part of the linseed oil was directly stabilized by the addition of 100 
mg/kg butyl hydroxytoluene (BHT). To the other part of linseed oil, the following oxidants were added: 
143.5 mg/kg FeSO4.H2O, 58.94 mg/kg CuSO4.5H2O, 600 mg/kg H2O2 and 3 mL/kg of H2O. Then 
the oil was heated to 55Ԩ and under continuous agitation and exposed to air at 0.25 bar for 276 h.  
Peroxide value (POV) of the linseed oil was measured by redox titration method. The sample was first 
dissolved in mixture of chloroform and acetic acid (V:V/1:2), then by flowing nitrogen gas through 
the sample to dispel residual oxygen. Subsequently, potassium iodide was added, and free iodine with 
titrated with 0.01 mol/L sodium thiosulfate. The endpoint is determined by the maximum inflexion 
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point on titration curve. POV is calculated from titration volume of sodium thiosulfate. The POV was 
monitored daily until the target level (225 mEq. O2/kg oil) was achieved.  The oxidized oil was then 
cooled, 100 mg/kg BHT was added and kept at -20Ԩ until the preparation of the experimental diets. 
Two isocaloric and isolipidic diets were formulated according to nutrient and energy needs of piglets, 
i.e. the control diet and the OF diet (Table IV-1). The OF diet contained 5% of the oxidized linseed 
oil, while the control diet contained 4.10% of the stabilized linseed oil and 0.90% tallow to balance 
the fatty acids in the diet. Fatty acid analysis of the diets confirms that the two diets had similar contents 
of unsaturated fatty acids (Table IV-1). 
2.2 Animals and Treatments 
The experiment was carried out according to the guidelines of the Ethical Committee of Ghent 
University (Belgium) for the humane care and use of animals in research (EC 2013/167). Sixteen 
triplet littermate piglets (Topics hybrid x Piétrain) were selected on a commercial breeding farm from 
sixteen sows. Per triplet, one NBW piglet was allocated to the control diet (first treatment; CON) 
and one NBW piglet to the OF diet (second treatment; OFNBW); while the IUGR littermate 
received the OF diet (third treatment; OFIUGR) (n=16 per treatment). Only piglets from litters 
with more than 13 piglets born alive were used in this study. Piglets defined as an IUGR piglet had a 
birth weight between 0.75 and 0.90 kg and belonged to the lower quartile of litter birth weights, 
while NBW piglets were identified as piglet with a birth weight within the interval of the mean litter 
birth weight ± 0.5 times the standard deviation (SD) within that litter. Average birth weight for 
IUGR and NBW piglets in this study was 0.84 kg (SD 0.09) and 1.37 kg (SD 0.18), respectively. 
Piglets were allowed to suckle the sow during the lactation period (until 21d of age), then they were 
weaned and transferred to the experimental nursing facility (size of each pen is 4 m × 2 m × 0.8 m) 
and 4 piglets (either IUGR or NBW ones) were kept in one pen. Piglets were allocated to different 
experimental diets, which is referred as day 0 (D0) of the experiment, until sampling. 
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Table IV–1 Composition of the experimental diet 
Ingredients (%) Control diet OF contained diet 
Barley 34.94 34.94 
Wheat 19.96 19.96 
Soybean meal 9.98 9.98 
Toasted soybean  8.98 8.98 
Corn  5.55 5.55 
Sweet whey powder  3.99 3.99 
Sugar beet pulp 2.00 2.00 
Wheat gluten meal  2.00 2.00 
Lactose 2.00 2.00 
Glucose 0.50 0.50 
52% Lactic Acid 1.15 1.15 
Calcium hydrogen phosphate dihydrate 1.10 1.10 
Potato protein 1.00 1.00 
Limestone 0.70 0.70 
Flavouring 0.03 0.03 
Trace mineral and vitamin Premix* 0.12 0.12 
L-lysine HCl 0.54 0.54 
DL-methionine 0.18 0.18 
L-threonine 0.18 0.18 
L-valine 0.05 0.05 
L-tryptophan  0.05 0.05 
Linseed oil 4.10 - 
Tallow 0.90 - 
Oxidized linseed oil - 5.00 
Caculated Nutrient Values 
NEv(1997) kcal/kg† 2567 
Crude protein (g/kg) 179 
Crude fiber (g/kg) 83.7 
Digestible lysine (g/kg) 11 
Digestible methionine +cystine (g/kg) 6.6 
Digestible threonine (g/kg) 6.7 
Digestible tryptophan (g/kg) 2.2 
Major unsaturated fatty acid (% of total fatty acids) 22.50 22.60 
18:1  20.09 21.15 
18:2 (n-6) 12.52 15.17 
18:3 (n-3) 45.49 46.33 
                                                            
* The mineral and vitamin premix provided the followed ingredients to per kg diet: Vitamin A, 10000 IU; Vitamin D3, 
2000 IU; Vitamin E, 54 IU; Vitamin K3, 1 mg; Vitamin B1, 1.2 mg; Vitamin B2, 3.7 mg; Vitamin B3, 12 mg; Vitamin B6, 
2 mg; Vitamin B12, 0.03 mg; Niacine, 20 mg; Folic acid 0.8 mg; Fe2+, 100 mg; Zn2+, 100 mg; Cu2+, 15 mg; Mn2+, 80 mg; 
Se6+, 0.3 mg; I-, 1 mg; BHT, 75 mg; Ethoxyquin, 37.7mg/kg.  
† Net energy for pigs CVB(1997), Centraal Veevoederbureau, Lelystad, The Netherlands. 
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From D0 to D5, piglets were fed ad libitum and feed intake was recorded on pen level in this adaptation 
period after weaning. From D6 on, piglets were fed 5 meals per day individually by a separated feeder 
and had free access to water. Feed intake was recorded individually. No antibiotics in feed or water 
were applied during the whole experimental period. 
2.3 Plasma and tissue collection  
All animals were sampled at a fixed time point (4 h) post-prandial. On day 5 and day 28 of the 
experiment, 8 piglets from each treatment were weighed and slaughtered after electronarcosis and 
exsanguination. Blood was collected in both EDTA treated tubes and heparinized tubes containing   1 
mmol/L bathophenanthroline disulfonate sodium (BPDS). The EDTA plasma was kept in -20Ԩ 
pending malondialdehyde (MDA) analysis.  
After opening the abdominal cavity, the liver was first collected. The gastrointestinal tract was removed 
and the small intestine (SI), defined as the part of the gastro-intestinal tract between the pylorus and 
the ileo-cecal valve, was obtained and its length was measured. A 20 cm segment of the proximal SI or 
distal SI (5% or 75% of total SI length) was emptied and carefully flushed with saline. This 20 cm 
segment was placed on an ice-cold surface and the mucosa was retrieved by gently scraping the mucosal 
surface with a glass slide. Then, the collected mucosa was transferred to a glass beaker and stirred with 
a spoon to obtain a homogeneous representative sample. Aliquots of mucosa were either used 
instantaneously for acid and phosphate buffered aqueous extracts or transferred to a 2-mL screw-
capped cryovials, snap-frozen in liquid nitrogen and stored at -80 Ԩ pending gene expression analysis.  
2.4 Plasma and tissue homogenate extracts  
500 μL of heparinized blood was transferred to 2 mL tube and centrifuged at 3000 G for 15 min. 
Afterwards, the supernatant was removed, 600 μL of ultrapure water (Milli-Q ultrapure water system, 
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Merck Chemicals N.V./S.A., Overijse, Belgium) and 100 μL of 70% metaphosphoric acid were added 
to the pellet, followed an intense vortex and centrifugation at 3000 G for 10 min. This acid extract 
was then aliquoted to different tubes containing 50 μL of internal standard γ-glu-glu (Sigma Aldrich 
BVBA, Diegem, Belgium), stored at -80 Ԩ pending GSH/GSSG quantification.  
The acid extract of the liver and mucosa was prepared as previously described (Chapter II). Samples 
were then snap frozen in liquid nitrogen and stored at -80	Ԩ	until the analysis of GSH and GSSG. In 
addition, a phosphate buffered aqueous extract of tissue homogenates was prepared as previously 
described (Chapter II), and samples were snap frozen and stored at -20 Ԩ until GPX, glutamate 
cysteine ligase (GCL), glutathione-disulfide reductase (GSR) and MDA analysis. 
2.5 Determination of GSH, GSSG and enzyme activities in GSH redox cycle   
The biuret method was applied to determine the total protein content in tissues. Liver, intestinal 
mucosal and plasma GSH and GSSG were measured using a modified high performance liquid 
chromatography (HPLC) method as previously described (Chapter II).  
Activity of hepatic and proximal SI mucosal GCL on day 28 was determined according to the method 
of White et al. (2003) , based on the reaction of naphthalene-2,3-dicarboxialdehyde(NDA) with the 
ߛ-glutamylcysteine(ߛ-GC) produced in a medium containing 40 mM ATP, 20 mM glutamic acid, 2 
mM cysteine and 25 ߤL of sample (0.075-0.15 mg protein). Fluorescence intensity of product formed 
was measured at 472 nm excitation and 528 nm emission using a fluorescence plate reader (Thermo 
Scientific, Marietta, OH, USA). One unit of GCL is defined as nmol of NDA-	ߛ-GC formed per 
minute at 25Ԩ (pH =7.5). 
Glutathione-disulfide reductase (GSR) activity was determined using the method of Carlberg and 
Mannervik, based on the reduction of GSSG by NADPH in the presence of GSR (Carlberg & 
Chapter IV| IUGR PIGLETS UNDER OXIDATIVE CHALLENGE 
  
82|  
 
Mannervik, 1985). The reaction was measured by the decrease in the absorbance at 340 nm using an 
extinction coefficient (ߝ௠ெ ) of 6.22 for NADPH. One unit of GSR will cause the oxidation of 
1.0 	ߤmole of NADPH at 25Ԩ  (pH = 7.5). GPX activity was determined by colorimetric assay 
described before (Michiels et al., 2013) (Chapter II). 
2.6 RNA isolation and reverse transcription quantitative PCR (RT-qPCR) 
Since major differences in GSH redox cycle parameters were found in liver and proximal SI mucosa, 
gene expression was performed on liver and proximal SI mucosa. Hepatic and mucosal total RNA was 
isolated from snap-frozen liver or intestinal mucosa at 5% of SI length, using Bio-Rad Aurum Total 
RNA Fatty and Fibrous Tissue Kit (Bio-Rad Laboratories, Hercules, CA, USA), including an on-
column DNase treatment to remove genomic DNA (gDNA). The concentration (ranging between 
300-1500 ng/μL) and purity (OD 260/280 ranging between 1.9-2.2) of RNA was measured with 
NanoDrop ND-1000 (Nanodrop Technologies, Thermo Scientific, Wilmington, DE, USA). Integrity 
of RNA was verified by loading RNA onto a 0.8% agarose gel and evaluating the 28S and 18S 
ribosomal RNA bands, while verification of the absence of any gDNA contamination by means of a 
minus RT control PCR using YWHAZ primers as previously described. Synthesis of cDNA and 
determination of mRNA abundance by real time quantitative PCR (qPCR) was performed as 
previously described. Primers used to amplify target genes in this study were designed as previously 
described and listed in Table IV-2 and Chapter II. A five-fold dilution series (5 points) of cDNA was 
included in each run to determine PCR efficiency by constructing a relative standard curve. In this 
study, PCR efficiencies were consistently between 98%-104% and were used to convert the 
quantitation cycle values into raw data. The relative expression was expressed as a ratio of the target 
gene to the stable expressed reference genes, then samples having the highest expression of the target 
gene were used as calibrator for the normalization of raw data.  
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2.7 Reference gene selection 
A selection of reference genes was done using 8 commonly used reference genes (ACTB, HMBS, 
HPRT1, TBP, TOP2B, YWHAZ, RPL4, and PPIA), as previously described. Primers for these 
reference genes were listed in detail in previous study (Erkens et al., 2006). The raw data were analyzed 
using the geNorm algorithm (Vandesompele et al., 2002). The stepwise exclusion of the reference gene 
with the least stable expression showed that TBP, RPL4 and HPRT1 were the three most stably 
expressed reference genes in the analyzed samples. Thus, these three genes were used as the reference 
genes in this study to normalize the raw data from qPCR. 
Table IV–2 Primer sequences used for RT-qPCR *
Gene symbol Accession number Nucleotide sequence of primers (5’ – 3’) Product length (bp) 
GSS NM_001244625 
F: GCTATGCCCCGTTCACACTC 
R: AGTTGTCCCTTTTGATGGTGCT 
159 
GSR AY368271 
F: CTACGTGAGCCGACTGAACA 
R: TCAGGATGTGAGGAGCTGTG 
146 
GCLM XM_001926378 
F: GGACAAAACCCAGTTGGAGCA 
R: CAGTTAAATCGGGCGGCATC 
104 
GCLC XM_003482164 
F: CCAAGTCCCTCTTCTTTCCAG 
R: TCGCTGCTTCATCATCCTC 
177 
GPX1 NM_214201 
F: TGCTCATTGAGAACGTAGCGT 
R: CAGGATCTCCCCATTCTTGGC 
161 
GSTA4 NM_001243379 
F: AGACAAGCACCATCTCTTCGGCAA 
R:GCTGATCGTCTGGTTTGAGGAAAGG 
125 
*All these primer sequences were designed based on the sequence corresponding to the accession number and can only amplify the
isoform listed above. GSS, GSH synthetase, GSR, GSH reductase, GCLM, GCL modify subunit; GCLC, GCL catalytic subunit.
2.8 Statistical analysis 
Normality of data and homogeneity of variance were tested using the Brown-Forsyth test in SAS 
Enterprise Guide 7 (SAS Institute, Cary, NC, USA). Treatment effects were analyzed per sampling 
day with one-way analysis of variance and orthogonal contrasts (Tukey’s honestly significant difference) 
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with the animal as experimental unit (n = 8). Data are expressed as means with pooled standard error 
of the mean (S.E.M), and P < 0.05 was considered significant. 
3 RESULTS 
3.1 Body weight, growth and feed intake 
Table IV–2 Growth performance of IUGR and NBW piglets fed control or oxidized fat diet during 
the first 28 days postweaning. At the beginning of the experiment, the IUGR piglets showed a 27% 
lower weaning weight than the NBW ones (P < 0.01). During the first 5 days postweaning, except the 
CON group, both OFIUGR and OFNBW piglets showed a negative growth, the average daily gain 
(ADG) did not differ between treatments (P > 0.05). Feed intake was lower (P < 0.001) for OFIUGR 
than in NBW piglets, but when expressed per kg mean body weight, the feed intake was similar 
between IUGR and NBW piglets feeding OF diet. 
Table IV–2 Growth performance of IUGR and NBW piglets fed control or oxidized fat diet during the first 
28 days postweaning 
MBW, mean body weight during the experimental period. 
* Data based on 48 piglets; n=16 per treatment.
† Data based on the remaining 24 piglets. n=8 per treatment.
‡ Data based on all 48 piglets, feed intake was recorded at pen level.
§ Data based on the remaining 24 piglets. n=8 per treatment. Feed intake was recorded individually.
TREATMENT
S.E.M. P values CO OFNBW OFIUGR
Body weight 
Initial body weight at day 0 (kg)* 6.05a 6.14a 4.45b 0.14 < 0.001 
Body weight at day 5 (kg) 6.06a 5.82a 4.13b 0.15 < 0.001 
Body weight at day 28 (kg)† 9.29a 8.19b 5.84c 0.36 < 0.001 
Growth and feed intake 
Average daily gain day 0-5 (g/d) 1  -64 -64 0.01 0.081 
Average daily gain day 5-26 (g/d)† 130a 89b 71b 0.01 0.004
Daily feed intake day 0-5 (g/d)‡ 85.3a 62.3b 79.3ab 4.49 0.093 
Daily feed intake day 5-26 (g/d)§ 310a 228b 137c 16.32 < 0.001 
Relative daily feed intake day 5-26  (g/d/ kg MBW) 40.5a 32.20b 27.09b 1.59 < 0.001 
Feed conversion ratio day 5-26† 2.35 3.18 2.21 0.20 0.096
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3.2 GSH redox cycle and MDA content in plasma, liver and intestinal mucosa 
As shown in Table IV-3 and IV-4. On day 5, few of the redox biomarkers were affected by treatment. 
A decreased GSH concentration in erythrocytes and lower MDA concentration in liver was observed 
in OFNBW piglets as compared to the CON group (P < 0.05). In addition, OFIUGR piglets showed 
a higher GSH content in erythrocytes, compared to OFNBW piglets (P < 0.05).  
Table IV–3 Effect of treatment on redox balance and associated markers in plasma and different tissues of 
IUGR and NBW piglets on Day 5 * 
 CON OFNBW OFIUGR S.E.M. P values  
Plasma 
GSH (nmol/mL) 320a 252b 294a 9.13 <0.001 
Ratio GSSG/GSH 0.12 0.15 0.15 0.009 0.306 
MDA (nmol/mL) 9.02 10.89 9.02 0.51 0.309 
Liver 
GSH (μmol/g protein) 9.42 9.32 8.3 0.55 0.666 
GSSG/GSH Ratio 0.06 0.07 0.06 0.004 0.523 
MDA (nmol/g protein) 1484a 1038b 1163ab 75.1 0.029 
Proximal SI mucosa 
GSH (μmol/g protein) 6.35 7.10 7.11 0.35 0.623 
GSSG/GSH Ratio 0.06 0.05 0.06 0.004 0.833 
MDA (nmol/g protein) 201 210 207 12.0 0.534 
Distal SI Mucosa 
GSH (μmol/g protein) 4.62 5.31 6.23 0.41 0.276 
GSSG/GSH Ratio 0.04 0.04 0.04 0.002 0.182 
MDA (nmol/g protein) 272 286 290 19.7 0.926 
                                                            
* P values smaller than 0.05 are in bold. 
a,b,c  Mean values in a row with different letters are significantly different.  
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On day 28, compared to the OFNBW littermates, OFIUGR piglets showed lower GSH concentration 
in erythrocytes and proximal SI mucosa, but higher GSH content in liver (P <0.05). Furthermore, 
GSSG/GSH ratio in the proximal SI mucosa from OFIUGR piglets were higher than the OFNBW 
ones (P < 0.05). As for MDA, in the proximal SI mucosa, the OFIUGR ones showed a lower MDA 
content (P < 0.05). However, in plasma, the MDA content was higher in OFIUGR piglets, compared 
to OFNBW ones (P < 0.05). In the distal SI mucosa, neither GSH, GSSG/GSH ratio nor MDA differs 
between the three groups on both sampling days (P > 0.05). 
Table IV–4 Effect of treatment on redox balance and associated markers in plasma and different tissues of 
IUGR and NBW piglets on Day 28 * 
 CON OFNBW OFIUGR S.E.M. P values 
Plasma 
GSH (nmol/mL) 590b 747a 575b 28.2 0.002 
Ratio GSSG/GSH 0.053 0.049 0.048 0.003 0.202 
MDA (nmol/mL) 9.76b 10.38b 17.91a 1.29 0.004 
Liver 
GSH (μmol/g protein) 15.36ab 14.37b 17.15a 0.55 0.039 
GSSG/GSH Ratio 0.034 0.033 0.039 0.002 0.439 
MDA (nmol/g protein) 1188a 993b 1113ab 34.9 0.042 
Proximal SI mucosa 
GSH (μmol/g protein) 7.85b 9.56a 8.14b 0.43 0.036 
Ratio GSSG/GSH 0.043ab 0.032b 0.054a 0.004 0.020 
MDA (nmol/g protein) 223b 322a 241b 16.34 0.021 
Distal SI Mucosa 
GSH (μmol/g protein) 4.75 5.27 4.71 0.22 0.611 
GSSG/GSH Ratio 0.047 0.055 0.046 0.003 0.463 
MDA (nmol/g protein) 359 354 327 26.6 0.671 
                                                            
* P values smaller than 0.05 are in bold. 
a,b,c  Mean values in a row with different letters are significantly different.  
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3.3 Enzyme activities in GSH redox cycle 
The OF diet induced enhanced hepatic GSR activity, both in OFIUGR and OFNBW piglets, 
compared to the NBW piglets fed with control diet (P < 0.05; Fig. IV-1). Also, OFNBW piglets 
showed higher proximal SI mucosal and hepatic GPX activity, compared to the CON ones (P < 0.05). 
Moreover, in liver, IUGR piglets showed the highest GSR activity among the three groups, while lower 
GCL and GPX activity was found both in liver and proximal SI mucosa of OFIUGR ones, compared 
to the OFNBW ones (all P < 0.05).  
 
Figure IV–1 Enzyme activities in GSH redox cycle in the proximal SI mucosa and liver on d28 
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3.4 Relative mRNA level of redox-sensitive enzymes involved in GSH redox cycle 
Results of transcription of redox-sensitive enzymes involved in GSH redox cycle are listed in Fig. IV-
2. On transcriptional level, compared to NBW piglets from CON group, consumption of OF diet 
downregulated GSR, GPX and upregulated GCL catalytic subunit (GCLC) expression in the proximal 
SI mucosa of NBW piglets (P < 0.05). Meanwhile, compared to the OFNBW piglets, IUGR resulted 
in upregulation of GSR, GCL modifier subunit (GCLM) and GSH-S-transferase A4 (GSTA4) 
expressions, but downregulation of GCLC expression in liver (P < 0.05). Also, IUGR piglets showed 
lower GCLC and higher GCLM mRNA levels in the proximal SI mucosa, as compared to the OFNBW 
controls (P < 0.05). No difference of GSH synthase (GSS) expression were found among the three 
groups (P > 0.05). 
 
Figure IV–2 Redox sensitive gene transcription in GSH redox cycle in the proximal SI mucosa and liver on d28 
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4 DISCUSSION 
This is the first study showing that IUGR could affect the GSH dependent response to OF diet-
induced oxidative challenge. Previous studies have suggested that lipid peroxide-induced GSSG/GSH 
redox imbalance occurred within 2 weeks after peroxide challenges and thereafter tissue redox 
homeostasis was restored despite continued peroxide exposure and elevated tissue peroxide levels 
(Tsunada et al., 2003). Similarly, in the current study, short-term oxidized fat intake (5 days) barely 
affected the redox status in liver and SI mucosa in both IUGR and NBW piglets. Only lower MDA 
concentration in liver and GSH concentration in erythrocytes were observed in OFNBW piglets as 
compared to the CON NBW ones. However, since weaning stress induced low feed intake in the two 
groups of NBW piglets during the first 5 days of the experimental period, the lower MDA and GSH 
concentration could also result from the weaning anorexia. Although the feed intake during day 5 to 
day 28 was significantly lower in OFNBW piglets than the CON piglets, 4-week consumption of OF 
diet induced elevated proximal mucosal MDA and GSH contents, as well as erythrocyte GSH content 
in the OFNBW piglets, as compared to the CON ones, indicating an occurrence of oxidative injury. 
Moreover, the intake of OF diet upregulated GPX activity in mucosa of OFNBW piglets, compared 
to the piglets in CON group, suggesting the antioxidant system was activated in response to the 
oxidative challenge. Thus, we assume that the long-term intake of OF diet can induce oxidative 
challenge. Therefore, whether the GSH redox cycle under oxidative stress is different between IUGR 
piglets and NBW piglets can be investigated with this approach. In this respect, results of the current 
study can be summarized as follows: 1) IUGR piglets exhibited an attenuated GSH dependent 
antioxidant response in proximal SI, giving rise to increased levels of lipid peroxidation products in the 
circulatory system and lower erythrocyte GSH; 2) IUGR could affect the transcription of redox 
enzymes in the GSH redox cycle, however, in different patterns in the liver and proximal SI mucosa. 
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4.1 IUGR affected GSH storage and lipid peroxidation in the proximal SI 
The intestine is the primary site of nutrient absorption and first defense barrier against oxidative 
damage induced by luminal oxidants (Aw, 2005; Circu & Aw, 2012). Accumulation of oxidants like 
peroxidized lipids in the gut lumen can impair the mucosal metabolic pathways, result in dysfunction 
(Aw, 2005). Decomposition of the unstable peroxides derived from polyunsaturated fatty acid results 
in the formation of MDA, a widely used marker for screening and monitoring lipid peroxidation (Yagi, 
1998; Jacob et al., 2003). Thus, irrespective the lower feed intake of OFNBW piglets than the CON 
piglets, the increased MDA concentration on day 28 in the proximal SI mucosa of OFNBW piglets as 
compared to the CON piglets could indicate an oxidized fat induced oxidative stress in the proximal 
SI. Contrary to that, compared to the OFNBW ones, OFIUGR piglets showed lower MDA content 
in the proximal SI mucosa, which might be partly because of the lower feed intake (P < 0.05). 
Nevertheless, compared to the OFNBW piglets, the OFIUGR piglets showed a lower GSH 
concentration and higher GSSG/GSH ratio in the proximal SI mucosa, suggesting a disturbed GSH 
redox status. Numerous researches have implicated GSH as a key determinant in elimination of 
peroxides by the intestine (Wendel & Feuerstein, 1980; Yagi, 1998; Jacob et al., 2003; Aw, 2005). Aw 
et al. (1979) suggested that at a given peroxide concentration, the amount of peroxide recovered from 
the intestinal lumen and lymph is governed by mucosal GSH status. Specifically, the absorbed lipid 
hydroperoxides are efficiently metabolized and the products are removed by GSH under normal 
healthy conditions (Aw, 2005). In the current study, the plasma MDA concentration was significantly 
higher, in opposite to proximal SI mucosal MDA in OFIUGR piglets, compared to the OFNBW ones. 
Therefore, we assume that the lower GSH level and GPX activity in the proximal SI mucosa could 
contribute to this higher present of lipid peroxides in the circulation. Disturbed GSH redox status can 
lead to impaired mucosal peroxide removal ability, resulting in an attenuated enterocyte metabolism 
of luminal lipid peroxides. Consequently, absorbed lipid peroxidation products from the intestinal 
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lumen could have greater entry to the circulation, and increase the MDA recovery in plasma. 
Compared to the CON piglets, the similar MDA concentration in plasma of OFNBW piglets, but 
higher MDA recovery in plasma of IUGR piglets, could support the speculation of greater absorption 
of lipid peroxidation products in IUGR piglets. Similarly, Kanazawa et al. (1998) reported that when 
rats are given lipid peroxide at the level beyond the capacity of detoxifation in intestinal cells, it results 
in intestinal mucosal injury and higher recovery of lipid preoxidation products in liver (Kanazawa & 
Ashida, 1998). Furthermore, previous research has demonstrated that the transport rate of lipids is 
lower in the distal intestine than the proximal site (Yagi, 1998). This could be an indication for a 
different metabolism in different sites of the intestine.  
4.2 IUGR affected GSH dependent antioxidant response in the proximal SI 
Lipid peroxidation can induce the production of superoxide (O2-) and hydrogen peroxide (H2O2) in 
numerous cells (Wendel & Feuerstein, 1980; Tsunada et al., 2003). The antioxidant function of GSH 
is accomplished largely by GPX-catalyzed reactions, which reduce H2O2 and lipid peroxides as GSH 
is oxidized to GSSG (Wu et al., 2004b). In the present study, decreased GPX activity was found in 
liver and mucosa of OFIUGR piglets, compared to the OFNBW piglets, indicating an impaired 
antioxidant capacity. Circu and Aw (2012) reported that high cell GSH is required to support GPX 
function during enhanced hydroperoxide reduction , so the reduced GPX activity in the proximal SI 
mucosa may result from the lower concentration of GSH. GPX and GSR function as an enzyme pair 
in the reduction of peroxides with concomitant oxidation of GSH and the regeneration of GSH from 
GSSG, respectively (Aw, 2005). Normal tissue GSH homeostasis is maintained by de novo synthesis 
from its amino acid precursors, from regeneration of GSSG, catalyzed by GSR and from GSH uptake 
of exogenous sources (Tsunada et al., 2003). Considering that enterocyte GSH synthesis is lower as 
compared to hepatocytes (Shan et al., 1990), GSSG reduction could be an important mechanism for 
intestinal GSH maintenance under high rates of lipid peroxide reduction (Aw, 1994, 2005). The lower 
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GSR activity in the proximal SI of IUGR piglets, suggesting a reduced GSH regeneration ability, might 
be an extra evidence for the attenuated antioxidant response to oxidative challenge. Additionally, GCL 
is the enzyme catalyzing the first and the rate-limiting step of de novo GSH biosynthesis (Iles & Liu, 
2005; Lu, 2009, 2013). The activity of GCL is lower in the proximal SI of IUGR piglets than the 
OFNBW ones.  Therefore, these result underscore that IUGR could inhibit the GSH redox cycle in 
the proximal SI mucosa and lead to impaired antioxidant capacity in the proximal SI. In addition, 
given that redox enzymes like GPX and GSR activities are minimally modified under peroxide 
challenge in rats (Carlberg & Mannervik, 1985; Aw, 2005; Circu & Aw, 2012), the altered activities 
of these two enzymes in IUGR piglets implicate that the proximal SI of IUGR subjects might be more 
vulnerable to the oxidative challenge. Similarly, Kaplowitz (1981) stated that under oxidative stress, 
liver exports GSSG into bile in a concentration-dependent manner, whereas under basal conditions, 
mainly GSH is exported into bile and blood, to avoid accumulation of GSSG . Considering the finding 
that IUGR piglets displayed a higher proximal intestinal GSSG/GSH ratio in this study, we can 
speculate that after a chronic oxidative challenge, the proximal SI of IUGR piglets is rendered into a 
more oxidative state, either from the local peroxide challenge or from the liver exported GSSG.  
4.3 IUGR affected GSH dependent antioxidant response in liver   
The liver plays a central role in inter-organ GSH homeostasis, it exerts as much as 50% - 60% of its 
total GSH into bile (Wendel & Feuerstein, 1980; Kaplowitz, 1981; Shan et al., 1990; Kanazawa & 
Ashida, 1998). Interestingly, although GSH redox imbalance was found in the proximal SI mucosa of 
IUGR piglets fed with OF diet, it was not the case for liver. Similar with the proximal SI, hepatic GPX 
and GCL activity was found lower in IUGR piglets, as compared to the OFNBW ones, indicating 
both a lower GSH synthesis ability and GSH dependent antioxidant function. However, enhanced 
hepatic GSR activity was found in liver of IUGR piglets, suggesting an increased GSH regeneration 
capacity from GSSG in liver. Therefore, despite the lower GSH storage in liver, hepatic GSSG/GSH 
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ratio showed no difference in IUGR subjects, compared to the NBW ones. In addition, since biliary 
GSH is a major contributor to the intestinal luminal GSH pool (Tsunada et al., 2003), although the 
hepatic GSH redox balance was not affected by IUGR, the higher hepatic storage of GSH may result 
in a decreased exogenous GSH transport from liver to intestine, exacerbating the GSH deficiency in 
proximal SI.  
Next to the difference in GSH couple and redox enzymes activity difference, a different pattern of 
regulation on transcriptional level was also found in IUGR piglets under chronic OF exposure as 
compared to the OF diet-fed NBW ones. GCL is composed of a catalytic or heavy subunit (GCLC), 
and a modulator or light subunit (GCLM), which are encoded by different genes (Lu, 2009, 2013; 
Weldy et al., 2013). The cellular content of one or both subunits might be upregulated in response to 
oxidative stress (Lu, 2009). Accordingly, in the current study, proximal SI mucosal GCLC was 2-fold 
higher in OFNBW piglets, as compared to the CON ones. This indicates that exposure to OF triggered 
the intestinal antioxidant defense. However, when being fed with OF diet, IUGR piglets showed lower 
GCLC mRNA level both in the proximal SI mucosa and in liver as compared to the OFNBW ones, 
suggesting an inadequate molecular response to the oxidative challenge. In contrast, GCLM expression 
showed an upregulation in both liver and the proximal SI in IUGR piglets as compared to the OFNBW 
ones, implicating that the regulation of these two subunits is differently affected by IUGR. Other lines 
of evidence are consistent with the possibility of different regulation pattern of the two GCL subunits. 
For example, 4-Hydroxynonenal is a lipid peroxidation product, which has been proven to dramatically 
increase the expression of the GCLM, but has only a small effect on GCLC (Yang et al., 2002). 
However, it is the first time that an upregulation of GCLM and a downregulation of GCLC was found 
in IUGR piglets. Based on the previous studies on GCL regulation, it was suggested that the regulation 
of the two subunits of GCL is a complex process that can be modulated by multiple stimuli including 
different pathways (Yang et al., 2002; Zhang et al., 2007; Lu, 2013; Weldy et al., 2013). Therefore, 
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the pathways involved in the regulation of this two units of GCL could be important to understand 
the molecular mechanism of GSH synthesis under oxidative stress. GSS is the second enzyme of GSH 
synthesis next to GCL. The transcriptional regulation of GSS is important in determining the overall 
GSH synthetic capacity, especially in non-hepatic tissues (Lu, 2009). Some treatments, like ethanol 
feeding in vivo in rats, could increase the expression of GCLC alone, but had no influence on GSS 
expression. Similarly, the present study showed that neither OF diet nor IUGR had effect on GSS 
expression. Furthermore, the enhanced GSR activity may result from an increased transcription of 
GSR mRNA in the liver of IUGR piglets, while in the proximal SI mucosa GSR gene expression 
showed no difference between IUGR and NBW piglets fed the OF diet. The GSTA4 isoform exhibits 
remarkable chemo-selectivity and high catalytic efficiency towards hydroxynonenal (Balogh et al., 
2010). Interestingly, in liver of IUGR piglets, a 1.5-fold increased expression of GSTA4 was found as 
compared to the OF diet feeding NBW piglets, which could be a response to the higher MDA content 
in liver. These different pattern of regulation of redox enzymes on transcriptional level in IUGR 
offspring warrants further attention.  
5 CONCLUSION 
This study has demonstrated that long-term intake of OF could induce oxidative challenge in piglets. In addition, 
the comparison between OF-fed IUGR and OF-fed NBW piglets provides strong evidence that IUGR 
attenuates antioxidant defense responses to this challenge, compared to NBW piglets, illustrated by the changes 
in the proximal SI GSH redox cycle. Although the feed intake was lower in IUGR piglets, the intake of OF 
resulted in higher circulatory levels of peroxidation products, which might predispose IUGR subjects to 
pathologies related to oxidative damaging processes. Together with the previous studies from our group 
(Michiels et al., 2013), these results illustrate that IUGR may inhibit the intestinal mucosal antioxidant defense 
capacity, especially in the proximal SI. Our results suggest that offspring born with IUGR need special attention 
on nutritional intervention to avoid undue challenge to the poor antioxidant system. 
  
Chapter V  
 General Discussion 
  
 
Chapter V| GENERAL DISCUSSION 
 
97 | 
 
1 INTRODUCTION 
Selection of highly prolific sows over the years has resulted in an increase in litter size (Quiniou et al., 
2002). However, due to the limited uterine capacity of the sow, this increased litter size is accompanied 
by a significant within-litter variation in birth weight (Yuan et al., 2015). The low birth weight is a 
characteristic of neonates that have experienced IUGR. Piglets born with IUGR represent a substantial 
portion of perinatal morbidity and mortality, even the survival ones show reduced growth performance 
during later life (Winters et al., 1947; Sharpe, 1966; Wootton et al., 1983; Pettigrew et al., 1986; 
Aucott et al., 2004; Guilloteau et al., 2010; Wu et al., 2010a). Although management techniques have 
been implemented for piglets born with IUGR, it is still a significant problem because of the 
incomplete knowledge concerning the mechanism of the retarded postnatal performance. The GIT 
plays a critical role in nutrient acquisition, and the intestinal epithelium is the first line of defense to 
prevent invasion of pathogens (Guilloteau et al., 2010). Moreover, since the GIT is a major source of 
ROS (Bhattacharyya et al., 2014), the intestinal epithelium is prone to oxidative damage, resulting in 
loss of barrier function, which plays a crucial role in a variety of gastrointestinal disorders (Vandervliet 
& Bast, 1992).  
Mounting evidence has revealed that the postnatal growth retardation in IUGR piglets is associated 
with delayed intestinal development. For example, relatively longer and thinner intestinal tissue, 
reduced mucosal absorptive surface and shorter villi (Sankaran & Kyle, 2009; Guilloteau et al., 2010; 
D'Inca et al., 2011). It was also shown that IUGR piglets exhibit a low oxidative defense capacity both 
in the neonatal and postweaning period (Wang et al., 2010; Michiels et al., 2013). Therefore, it is 
interesting to know whether the IUGR condition has an effect on the intestinal barrier function and 
redox status during the early life of piglets and if there is a link between intestinal dysfunction and 
redox status in IUGR piglets. The aim of this Ph.D. research was therefore to contribute to a better 
understanding of the development of the intestinal barrier function, redox status and antioxidant 
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system in IUGR piglets during critical periods in their early life such as birth and weaning (Chapter II 
and Chapter III). To this purpose, the small intestinal mucosal architecture and barrier function were 
investigated by evaluating the intestinal villi/crypt histomorphology and ex vivo mucosal permeability 
at different time points during the pre- and postweaning period. The intestinal redox status was assessed 
by measuring intestinal GSSG/GSH ratio and MDA concentration. Moreover, expressions of redox-
sensitive genes were determined by RT-qPCR. During the first two experiments, intestinal 
GSSG/GSH ratio was neither affected by IUGR, nor intestinal morphological and functional 
development. To further investigate the effect of IUGR on SI GSH metabolism under chronic 
oxidative challenge, we introduced oxidized fat as oxidant source to evaluate the intestinal redox status 
(Chapter VI). To note, in the current study, IUGR piglets were selected under strict criteria to make 
sure that they are the smallest ones from a relatively large litter by selecting in the lower quartile in a 
litter size with more than 14 live borns, and having a birth weight less than 1 kg. Using these criteria, 
the selected piglets were probably the ones that experienced growth restriction in utero, leading to 
retarded growth later in life. Throughout this thesis, the animal growth results confirmed that these 
selected IUGR piglets showed indeed lower growth than the NBW piglets. Therefore, we think these 
criteria are successful to be an IUGR biological/zootechnical justification. Moreover, a lower bound of 
birth weight more than 0.75 kg was applied, to make sure that the selected piglets can survive during 
the experimental period, and thus from the farmers’ point of view interesting to rear. 
In Fig. V-1, significant differences between IUGR and NBW piglets found in Chapter II and Chapter 
III are summarized, in Fig. V-2 and Fig. V-3, the development of intestinal barrier function and 
antioxidant system in IUGR and NBW piglets during the early life is summarized respectively. Finally, 
in Fig. V-4, significant differences in GSH redox cycle between weaned IUGR and NBW piglets when 
challenged by oxidized fat containing diet were summarized. 
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Figure V–1 Significant differences in the proximal SI of IUGR piglets compared with age-matched NBW ones (percentile 
change relative to the value of NBW piglets) at different days postnatal and postweaning. Red font and green font means 
the parameter is downregulated or lower and upregulated or higher respectively in IUGR piglets. Detailed information can 
be found in Chapter II and Chapter III.   
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Figure V–2 Significant differences in the proximal SI between different time points of the neonatal period in IUGR and 
NBW piglets (percentile change relative to the previous time point). Red font and green font means the parameter is 
downregulated or lower and upregulated or higher respectively compared to the previous time point. * Difference only 
found between DPN0 and DPN19. Detailed information can be found in Chapter II.  
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Figure V–3 Significant differences in the proximal SI between different time points during the postweaning period in 
IUGR and NBW piglets (percentile change relative to the previous time point). Red font and green font means the 
parameter is downregulated or lower and upregulated or higher respectively compared to the previous time point.                             
* Differences were only found between DPW2 and DPW12. Detailed information can be found in Chapter III. 
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Figure V–4  Major differences in the proximal SI, plasma and liver of IUGR piglets compared with age-matched NBW 
ones (percentile change relative to the value of NBW piglets) at day 5 and day 28 of experiment. Red font and green font 
means the parameter is downregulated or lower and upregulated or higher respectively in IUGR piglets. Detailed 
information can be found in Chapter IV.  
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2 EFFECT OF IUGR ON INTESTINAL BARRIER FUNCTION DURING EARLY LIFE 
OF PIGLETS  
The intestinal barrier prevents the entry of pathogens from the intestinal lumen into the blood. 
Compared with NBW littermates, neonatal IUGR piglets show an immature intestinal function during 
the early period of life (Boudry et al., 2006; D'Inca et al., 2011; Boudry et al., 2014). In Chapter II, 
we demonstrated that IUGR could affect both paracellular and transcellular permeability around birth 
(DPN0, DPN3) in the proximal SI. In the distal SI, when compared to NBW piglets, only HRP flux 
was higher in IUGR piglets at birth. Using the sugar (lactulose-mannitol) absorption test (SAT), 
different results were found. Birth weight did not affect the intestinal barrier function during the whole 
neonatal period (DPN0, DPN3, DPN10 and DPN28) (Huygelen et al., 2014). In contrast to the ex 
vivo intestinal barrier assessment in our study, such in vivo SAT assessment considers mannitol as a 
marker of the transcellular pathway, whereas lactulose is the marker for paracellular pathway (Ménard 
et al., 2010). This in vivo SAT assesses the permeability of the entire SI, however, could not measure 
the barrier function at a specific site of the SI. An apparently opposite finding to the one in our study 
was also noticed in a study assessing ex vivo mucosal permeability of cephalexin (CFX) in Ussing 
chamber, with CFX fluxes across the proximal jejunum mucosa being similar in IUGR and NBW 
piglets on DPN2 (Boudry et al., 2014). Similar to HRP, CFX1 is also a maker for transcellular 
permeability. CFX crosses the epithelium through the peptide transporter 1(PepT-1)-mediated 
pathway and is unlikely through a paracellular leak. Taken these results together, it seems that IUGR 
affects the intestinal barrier function in a site-specific manner. In addition, Boudry et al. (2006) 
reported that intestinal permeability of FD4 showed no difference between IUGR and NBW 
littermates on DPN7 and DPN28, which agrees with our result that the effect of IUGR on barrier 
function only happened transiently in the early days postnatal.   
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Intestinal mucosal barrier function can be partly affected by the mucosal structure (Boudry et al., 2014), 
so we checked if the observed permeability difference on DPN0 and DPN3 between IUGR and NBW 
piglets was related to differences in the mucosal morphology of the proximal SI. Villus height, villus 
surface area, and crypt depth were similar for the two categories of piglets, suggesting that the 
mechanism involved in the increased intestinal mucosal permeability in the IUGR piglets is not related 
to the mucosal architecture of the proximal SI. Another critical factor in the maintenance of gut 
permeability and intestinal barrier function is the intercellular contacts between epithelial cells formed 
by mucosal TJs (Clark et al., 2006). Occludin is a unique marker of TJs, which helps to connect TJs 
proteins and cytoskeletons. In accordance with the higher permeability of FD4 and HRP fluxes, we 
found a decreased expression of the TJs protein occludin, both on protein and mRNA level in IUGR 
neonatal piglets compared with NBW ones, This is inconsistent with a previous study showing that 
occludin protein expression was not different in the proximal SI between newborn IUGR and NBW 
piglets (Huygelen et al., 2014), suggesting that a small fold change of mRNA may be accompanied by 
a different translational level outcome. In literature, it has been well described that the proinflammatory 
cytokine TNF-α could induce an increase in intestinal epithelial TJs permeability and contribute to 
intestinal inflammation (Ma et al., 2004; Ye et al., 2006). Surprisingly, compared to NBW littermates, 
the TNF-α expression was downregulated in IUGR piglets compared to NBW littermates, suggesting 
that the higher proximal SI permeability in IUGR piglets was not induced by an inflammatory response.  
In the present study, IUGR piglets also showed an enhanced transcytosis (HRP flux) in the proximal 
SI as compared with age-matched NBW ones on DPW5. This higher transcytosis could be associated 
with either stress induced intestinal permeability increase or the presence of enterocyte lysosomal 
vacuoles. Notably, accompanied with this enhanced transcytosis, the intestinal absorptive capacity was 
also higher in the proximal SI at DPW5, the relationship between the enhanced transcytosis and better 
absorptive capacity needs further attention.  
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3 EARLY DEVELOPMENT OF INTESTINAL BARRIER FUNCTION IN IUGR AND 
NBW PIGLETS 
3.1 Postnatal development of small intestinal barrier function  
In the current study, during the neonatal period, proximal SI TJs permeability (FD4 flux) gradually 
increased from DPN3 to DPN19 in NBW piglets. In a study of Boudry et al. (2006), HRP and FD4 
fluxes decreased in the jejunum, but increased in ileum with age in NBW piglets from DPN7 to 28. 
In another study from the same research group, it was shown that during the 28-day postnatal period, 
the jejunal FD4 flux of NBW piglets was highest on DPN21 and 28, followed by DPN0 and 3, and 
was lowest on DPN7 and 14 (De Quelen et al., 2011). Although these results were from jejunum, they 
corroborate our finding that intestinal permeability increased at around 3-week of age. This age-
dependent change of intestinal permeability could be associated with the protein level in the maternal 
milk. It has been proven that milk protein concentration has an effect on intestinal barrier function 
(Boudry et al., 2011), partly by altering the expression and functions of TJs claudins (Kotler et al., 
2013). According to a milk production prediction model, with a litter size of twelve piglets, the protein 
content of maternal milk increases gradually until day 15, then decreases on day 20 of lactation 
(Hansen et al., 2012), which corresponds to the altered intestinal permeability on DPN19 in this study. 
Considering that the maturation of GIT is particularly rapid during the perinatal period (Sangild et 
al., 2002; van Elburg et al., 2003). The postnatal development of intestinal mucosa is a dynamic process 
with profound tissue remodeling and modification of intestinal digestive and absorptive functions 
(Zabielski et al., 2008). Therefore, we cannot exclude the possibility that this increased permeability 
on DPN19 is due to the normal intestinal maturation process. Notably, this age-dependent increased 
intestinal permeability was not observed in IUGR piglets, which is consistent with the earlier finding 
that an alteration in jejunal permeability only takes place in NBW piglets but not in IUGR littermates 
(Boudry et al., 2006; Boudry et al., 2011). 
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About the TJs protein expression, the proximal SI OCLN mRNA level was higher on DPN3 and 
DPN8 compared with the level at birth in both IUGR and NBW piglets. Additionally, in IUGR piglets, 
the OCLN mRNA level decreased by 60% from DPN8 to DPN19. According to Huygelen et al. 
(2014), the proximal SI occludin expression was only higher on day 28 of age, but not on DPN3 and 
D10 of age. Since the fold-change of occludin mRNA level was less than 2-fold from DPN0 to DPN3 
in the current study, it is common that this change could not be detected at the protein level. Balda et 
al. (1996) stated that when occludin reaches a certain level of expression, it has only sealing capacity to 
increase epithelial TEER, but can no longer regulate the paracellular permeability or activation of the 
channel forming (Balda et al., 1996). It means that when the expression of occludin is low there are 
sufficient free binding sites on zonulins or other TJs proteins to interact with occludin; however, with 
increased occludin expression, the binding sites would become saturated, so that extra occludin would 
not be able to interact with submembrane cytoskeleton (Balda et al., 1996). This characteristic of 
occludin may shed light on the discrepancy between developmental pattern of proximal SI permeability 
and occludin. Also, one has to bear in mind that occludin only functions to assembly the cytoskeleton 
and TJs proteins, it is possible that the regulation takes place on other TJs proteins, which needs further 
investigation.  
3.2 Postweaning development of small intestinal barrier function 
The digestive system of piglet can experience extensive structural and functional changes as an adaption 
to the shift from maternal milk to solid feed components during postweaning period (Zabielski et al., 
2008). Weaning-induced alterations in intestinal barrier function have been extensively documented 
in NBW piglets (Wijtten et al., 2011). However, with regard to IUGR piglets, the information about 
postweaning intestinal development is fragmentary. The development of barrier function, particularly 
in the distal SI, has been well discussed in other literature, therefore, in this section, we will focus on 
the postnatal proximal SI barrier function development of IUGR and NBW piglets. On DPW5, the 
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increased proximal SI transcellular permeability of IUGR piglets was accompanied by reduced villus 
height and crypt depth. In contrast to the situation during the neonatal period, with the absence of 
changed proximal SI OCLN mRNA level (data not shown), the dynamic change of proximal 
permeability in IUGR piglets during postweaning period seemed to be associated with alteration in the 
intestinal mucosal architecture. As for NBW piglets, there was a reduction of villus height on DPW2, 
yet neither change in intestinal mucosal permeability nor crypt depth was observed when comparing 
to the preweaning level (DPN19). In a gut permeability assessment using in vivo SAT, the decreased 
mannitol absorption was attributed to the diminished absorptive area, indicated by a reduced villus 
height (Van Der Hulst et al., 1998). However, in the current study, a definite correlation between the 
changed HRP fluxes with the villus atrophy could not be described because IUGR and NBW piglets 
showed different HRP fluxes alteration, but the same alteration of mucosal architecture from DPW0 
to DPW2. During development, increased epithelial turnover can result in the immature cells reaching 
the absorptive area of the villi, and immature enterocytes are highly endocytic (Dunn, 1967; Wilson 
& Casanova, 2000; Boudry et al., 2004; Söderholm et al., 2004; Lu et al., 2008). Because the crypt 
depth is related to the migration of immature enterocytes from crypts to villi (Nabuurs et al., 1993), 
the sharply increased crypt depth on DPW2 in IUGR piglets might be an indication of the large 
presence of immature epithelial cells from the crypts to villi, leading to more active endocytosis. 
Additionally, the increased proximal SI HRP fluxes of IUGR piglets could not be related to weaning-
induced intestinal local inflammation because mRNA level of TNF-α showed no alteration during the 
first five days postweaning. In IUGR piglets, the TNF-α gene expression was only upregulated on 
DPW12 and DPW28. Thus, we can speculate that a TNF-α induced alteration in intestinal 
permeability happened after DPW12 in IUGR piglets.  
It has been proven that weaning triggers intestinal inflammation in pigs is associated with postweaning 
anorexia (McCracken et al., 1999; Pie et al., 2004). In Chapter IV, it was shown that during the first 
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5 days postweaning, IUGR piglets had a higher feed intake than the NBW ones, indicating that 
weaning induced aneroxia may be less prominent in IUGR piglets. Meanwhile, the change in diet 
composition, the increased exposure to enteric pathogens, and stress could has influence on the 
intestinal structure and function during a later stage of the postweaning period in IUGR piglets 
(Moeser et al., 2012). Taken together, the postweaning barrier function development pattern in the 
proximal SI was different between IUGR and NBW piglets, especially the transcellular pathway. 
Weaning-induced reduced villus height, accompanied by increased intestinal permeability was 
observed on DPW5 in NBW piglets, and this process might be postponed in IUGR piglets.  
4 EFFECT OF IUGR ON INTESTINAL REDOX STATUS AND REDOX-SENSITIVE 
GENE EXPRESSION IN EARLY LIFE OF PIGLETS 
4.1 Effect of IUGR on intestinal redox-sensitive gene expression of piglets  
On transcriptional level, we have investigated the expression of several redox-sensitive genes by RT-
qPCR. The protein expression of some interesting ones was verified by western blotting. At birth, 
compared to the NBW piglets, the IUGR newborns showed significant downregulation of antioxidant 
genes including HMOX1, CAT, TXNRD1, and PPARG. Birth itself is a hyperoxic challenge, so the 
process of labor is associated with oxidative stress in the newborn (Vlessis & Mela-Riker, 1989; Friel 
et al., 2004; Menon, 2014). In response to this challenge, biochemical defenses including antioxidant 
enzymes, evolved to protect cellular constituents from free radicals (Vlessis & Mela-Riker, 1989; Friel 
et al., 2004). At birth, the downregulated antioxidant genes in IUGR piglets compared with the NBW 
ones, indicates that IUGR piglets might have a reduced antioxidant resistance to the perinatal oxidative 
challenge. Additionally, oxidative stress can activate a variety of transcription factors, such as NF-κB, 
Nrf2, and PPARγ, leading to the expression of different genes, including those of growth factors, 
inflammatory cytokines, chemokines, cell cycle regulatory molecules and anti-inflammatory molecules 
(Reuter et al., 2010; Menon, 2014). ROS are important second messengers of signaling pathways 
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stimulated by TNF-α, such as NF-κB (Schutze et al., 1995). Suppression of TNF-α was shown to 
downregulate the expression an active NF-κB and inhibit proliferation of cells (Giri & Aggarwal, 1998). 
In the current study, compared with the NBW littermate, the lower expression of TNF-α both on 
mRNA and protein level in the newborn IUGR piglets might be an implication of downregulated NF-
κB expression, which could further result in the downregulation of antioxidant genes such as TXNRD1. 
On the other hand, given that inhibition of NF-κB activation can block cell proliferation (Rath & 
Aggarwal, 2001), the downregulation of NF-κB targeted genes from this study is in line with the 
previous data showing lower ileum cell proliferation in IUGR neonatal piglets, compared to the NBW 
ones (D'Inca et al., 2010b). Similarly, a recent study reported decreased cellular proliferation, as well 
as a reduction in goblet cells and Paneth cells in IUGR mouse (Fung et al., 2016). It has been stated 
that in intestinal cells, a genetic program is maintained that allows the cell to proliferate only when 
being subjected to a stimulus such as an antigen, a mitogen, or increased oxidant, or a combination of 
these (Flores & McCord, 1997). Therefore, the lower expression of TNF-α in IUGR piglets at birth 
compared to the NBW ones could contribute to the failure to initiate the epithelial cell proliferation 
and differentiation process, thus delaying the intestinal development in IUGR newborns.  
PPARγ is a lipid sensing transcriptional factor that is involved in embryonic development, modulating 
energy metabolism, lipid storage/transport, as well as inflammation (Nunn et al., 2007). Inhibition of 
PPARγ activity by TNF-α is involved in the pathogenesis of insulin resistance and inflammation (Ye, 
2008). In turn, PPARγ can exert an anti-inflammatory response by inhibiting TNF-α induced NF-κB 
transcriptional activity (Remels et al., 2009). In IUGR rat newborns, downregulated PPARG 
expression was also found in liver, and it was concluded that the hepatic dysregulation of PPARG may 
contribute to inflammation in IUGR offspring (Magee et al., 2008). However, in the present study, 
the simultaneous occurrence of lower expression of the TNF-α and PPARG mRNA level in the 
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proximal SI on DPN0 in IUGR piglets, as compared to the NBW piglets, suggests that regulation of 
the intestinal TNF-α level is rather through a ROS-related signaling pathway than an inflammation 
related pathway. Thus, the TNF-α may play a central role redox-sensitive signaling pathway like NF-
κB, and the redox-sensitive signaling ways in IUGR piglets worthy further attention.  
Similarly, downregulated antioxidant genes were also observed at DPN19 of age in IUGR piglets 
compared to the age-matched NBW piglets. In contrast to the observation that TNF-α was 
downregulated in IUGR neonates, IUGR piglets showed significantly higher TNF-α gene expression 
on DPN19 of age compared to the NBW ones, suggesting an inflammatory response in the proximal 
SI. More evidence is provided by the higher expression of VNN1, an epithelial stress sensor. By 
antagonizing PPARγ, VNN1 licenses the production of inflammatory mediators in intestinal epithelial 
cells, and its deficiency is associated with increased GSH concentration (Berruyer et al., 2004; Berruyer 
et al., 2006). The higher expression of VNN1 and TNF-α, but lower expression of antioxidant genes 
and PPARG indicates that IUGR negatively affects the intestinal defense to stress. 
During the postweaning period, several antioxidant genes including GPX1, PPARG and TXNRD1 
expressions were downregulated in IUGR piglets compared to NBW ones on DPW5. Similar to the 
observation at birth, the downregulation of these protective genes was accompanied by increased 
paracellular permeability but lower TNF-α expression. Therefore, the results of gene expression on 
DPW5 may suggest that IUGR still affect the NF-κB mediated intestinal cell proliferation after 
weaning, which might be a reason for the retarded growth of SI.  
4.2 Effect of IUGR on intestinal GSSG/GSH ratio and MDA content of piglets 
GSH and its oxidized form GSSG are of crucial importance for cellular function (Brigelius, 1985). 
The intestinal GSSG/GSH ratio has been widely used as an indicator of the redox status of the 
intestinal mucosa (Aw, 1999). In the current study, we did not find any difference in GSSG/GSH 
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ratios between IUGR and NBW piglets at any time points. Only a higher proximal GSH concentration 
was found in IUGR piglets on DPN19, compared to the age-matched NBW littermates. Besides, this 
difference was only observed in the piglets sampled in the postweaning experiment, suggesting a 
variation among litters.  It is important to note that large increases in GSSG/GSH ratio are usually a 
sign of oxidative stress causing toxicity, rather than signaling associated with redox biology (Morgan et 
al., 2011). Also, it is possible that the changes in ROS required for signaling may be not be high enough 
to cause significant changes in the intracellular GSSG/GSH ratio (Murphy, 2012). The unaffected 
GSSG/GSH ratio was in line with the absence of a difference in intestinal MDA content in intestinal 
mucosa in IUGR piglets compared with the NBW ones at each time point in the early life. MDA is 
the principal and most studied product of lipid peroxidation (Del Rio et al., 2005). Mucosal GSH 
plays an important role in controlling lipid peroxide content. However, results from this study suggest 
that IUGR can not affect the lipid peroxidation process through regulating the GSSG/GSH ratio.  
It has been shown that in VNN1 deficient mice, the lack of detectable tissue cysteamine is associated 
with an enhanced GCL activity, leading to elevated endogenous glutathione (GSH) stores in tissues 
(Berruyer et al., 2004). In contrast with this report, we found higher GSH concentration as well as 
higher VNN1 expression in proximal intestine of IUGR piglets on DPN19. This indicates that the in 
vivo regulation of GSH concentration is complex. 
5 REDOX-RELATED CHANGES DURING EARLY LIFE IN IUGR AND NBW PIGLETS  
In this study, similar changes in the proximal SI of both IUGR and NBW piglets were as follows, 
1) Decreased MDA concentration from DPN0 to DPN3. In the current study, all the newborn 
piglets in this study were allowed to have colostrum intake. Therefore, the higher MDA at birth 
could evidence that there is an imbalance between the capacity to oxidized lipid and to remove 
the lipid peroxidation product in the intestine of newborn piglets (Le Dividich et al., 1997). 
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Although the MDA concentration decreased quickly on DPN3, the effect of colostrum intake 
of the functional change of newborn piglets needs further attention.  
2) Increased OCLN mRNA level from DPN0 to DPN3. Occludin is a redox-sensitive marker of 
TJs. The increased OCLN mRNA level indicates that sealing the paracellular pathway might 
also contribute to the process of “gut closure”. Also, since occludin has been widely documented 
to be altered due to changes in its environmental redox balance on molecular level (Blasig et al., 
2011), this increased OCLN mRNA may offer a link between intestinal barrier function and 
redox status or redox signaling.   
3) HO has antioxidant function. Meanwhile, it can inhibit NF-κB activation, a gradual reduction 
of HMOX1 expression during the whole neonatal period could be an indication of protective 
mechanism to NF-κB. 
4) Decreased GSSG/GSH ratio from DPW0 to DPW2. Comparing to the preweaning level, the 
intestinal mucosa was in a less oxidative state during the whole postweaning period. Whether 
this decreased ratio resulted from weaning induced anorexia or stress needs further investigation.   
5) Increased crypt depth from DPW2 to DPW5, suggesting that adaptation of SI epithelial mucosa 
to the change in feed composition induced crypt cell proliferation.  
Several particular redox-related changes in the proximal SI of IUGR piglets were noticed.  
1) GSH concentration reduction in the proximal SI (from DPN0 to DPN3, and from DPN8 to 
DPN19) was always accompanied by a decreased MDA level, demonstrating that the intestinal 
GSH metabolism in IUGR piglets is related with intestinal lipid peroxidation. 
2) Increased SOD1 mRNA level was noticed from DPN0 to DPN3, and from before weaning to 
DPW2. A recent study indicated that SOD1 is essential for growth factor signaling (Juarez et 
al., 2008). Since the two time points when SOD1 were upregulated corresponds to the main 
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change taking place in piglets, the effect of SOD1 during the early life the animal needs further 
attention.  
3) The increase of TNF-α and some other antioxidant genes may indicate an upregulation of NF-
κB activity, which could further initiate the start the intestinal cell proliferation. This is further 
supported by the increased proliferating cell nuclear antigen (PCNA) gene expression in the 
ileum of IUGR piglets on DPN2 in a previous study (D'Inca et al., 2010b). 
6 GSH METABOLISM IS AFFECTED BY IUGR UNDER OXIDATIVE STRESS  
In Chapter IV, we introduced oxidized fat in the diet of weanling piglets to establish an oxidative 
challenge model, to address the effect of IUGR on GSH metabolism under oxidative stress. In line 
with the results obtained on DPW5 in Chapter III, we found no change in GSH/GSSG redox couple 
on day 5 in the oxidative challenge trial. This could be an implication that during the acute phase after 
weaning, weaning stress is more effective in inducing oxidative stress than the challenge of oxidized fat. 
However, in the current Ph.D. study, most of the feed intake was recorded based on pen level with 
limited replicates per pen (4 or 6), how these results can represent the practical industry is debatable. 
Additionally, the ADFI of OFNBW piglets were lower than OFCON piglets during day 5 to 26 of 
the experimental period, nevertheless, the MDA content in the proximal SI mucosa was higher in 
OFNBW piglets than the OFCON ones, indicating the intake of oxidized fat may induce 
accumulation of MDA in the SI. The lower MDA, as well as GSH concentration in the IUGR piglets 
could be due to the lower intake of oxidized fat as compared to the OFNBW piglets, however, the 
GSSG/GSH ratio was still higher in the proximal SI mucosa of OFIUGR piglets, suggesting the more 
oxidized state of the proximal SI is irrespective of feed intake level.  
Mucosal GSH plays an important role in controlling lipid peroxide content. Under normal condition, 
we found that the proximal SI GSH concentration reduction (from DPN0 to DPN3, and from DPN8 
Chapter V|GENEARL DISCUSSION 
  
114 | 
 
to DPN19) was always accompanied by a decreased MDA level, indicating that the intestinal GSH 
metabolism in IUGR piglets is related with intestinal lipid peroxidation. Similar to the results we 
obtained on DPW5 in Chapter III, in the oxidative challenge trail, we found that on day 5, no change 
was found in the intestinal GSH/GSSG redox couple, which is likely due to the extremely low feed 
caused intake caused by weaning anorexia. On day 28, although the feed intake of OFIUGR piglets 
was lower than the OFNBW ones, numerous differences were found in GSH metabolism in the 
proximal SI mucosa, plasma and liver, indicating a successful oxidative challenge from long-term OF 
intervention. Also, the results in the oxidative challenge trail further supported that GSH metabolism 
is related with lipid peroxidation. To note, this effect was only observed in the proximal SI, which is 
likely due to lipid digestion taken place in this site of SI, or that hepatic GSH export has more effect 
on proximal than the distal SI. Interestingly, the lower intestinal MDA concentration in IUGR piglets 
as compared to NBW piglets is accompanied with a lower GSH concentration, whereas higher MDA 
content and lower GSH concentration in plasma, and similar MDA with higher GSH concentration 
in liver were presented. These results suggest that the intestinal GSH metabolism is under different 
regulation mechanism than liver and circulatory system. 
7 CONCLUSIONS 
In this study, we investigated the intestinal barrier function, redox status and redox-sensitive molecular 
consequences of IUGR. We have demonstrated that IUGR could affect the intestinal barrier function 
during the neonatal period (day 0 to day 19 of age) through downregulating the TJs protein OCLN 
both on transcriptional and translation level. Some antioxidant genes and the pro-inflammatory 
cytokine TNF-α were also affected, suggesting a potential role of redox-sensitive signaling in driving 
IUGR intestinal development during the neonatal period. After weaning, the difference of intestinal 
barrier function between IUGR and NBW piglets seems to be more associated with the difference in 
intestinal mucosal architecture. The weaning-induced barrier function loss is also accompanied by the 
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TNF-α expression, and this response might be delayed in IUGR piglets. Finally, we have demonstrated 
that under normal physiological conditions, IUGR does not affect the intestinal redox status through 
regulating the mucosal GSH/GSSG redox couple. Furthermore, after chronic oxidative challenge, 
weaned IUGR piglets showed lower intestinal GSH concentration, but higher GSSG/GSH ratio, 
indicating that the intestine was in a more oxidative state. 
8 FUTURE PERSPECTIVES 
This current thesis has shed some light on the effect of IUGR on the intestinal barrier function and 
antioxidant systems. However, considering the sophisticated physiological function of the small 
intestine, and the discrepancy in the effect of IUGR on intestinal function and redox status, we propose 
the following aspect for further research: 
 Additional oxidative stress marker should be selected to address whether newborn piglets are 
suffering oxidative stress. Given the fact that difference of intestinal MDA is absence during 
the early development of SI, it would be interesting to identify a sensitive oxidative stress 
marker to illustrate the link between newborns and oxidative stress.  
 Results of this study showed an effect of IUGR on the regulation of some antioxidant genes, 
yet the factors driving this alteration of genes expression remain unknown. ROS have been 
shown to serve as critical second messengers in multiple signal transaction pathways stimulated 
by pro-inflammatory cytokines and growth factors (Jones et al., 2012). Therefore, 
understanding the ROS level in IUGR newborns might be interesting to find out the initial 
reason of these transcriptional differences induced by IUGR.  
 The relationship between intestinal cell proliferation and redox-sensitive signaling in IUGR 
piglets worth further investigation. It has been shown that the immature intestine of IUGR 
piglets could be attributed to a lower intestinal proliferation (D'Inca et al., 2010b). Based on 
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gene expression data in the current study, we propose that this lower intestinal proliferation is 
related to the ROS-induced NF-κB activation. However, a direct link between intestinal cell 
proliferation and this redox-sensitive pathway has not been addressed. The hypothesis that 
IUGR could affect intestinal cell proliferation by suppressing NF-κB pathway in piglets is 
highly speculative and remains to be tested, but the simultaneous downregulation of 
antioxidant genes and inhibited cell proliferation during the first days of the life of IUGR 
piglets, appear to support such a hypothesis. The better understanding of the signaling 
pathways could provide further information on the effects of nutrition intervention strategies 
in these low birth weight piglets. 
 In this study, the largest differences in intestinal mucosal permeability were found in the 
proximal site. Sampling at 5% and 75% of the SI refers to duodenum/proximal jejunum and 
distal jejunum, respectively. In the duodenum, chyme from pancreatic juice and bile is mixed.  
Therefore, the fluid from liver may has more influence on the redox status of the proximal SI 
than the distal SI. Also, the proportions of absorptive, goblet and enteroendocrine cells differ 
in different segments of the SI. The ratio of goblet to absorptive cells is higher in the distal SI. 
In addition, several studies have shown that the development of the intestinal epithelium is site 
specific (Jolma et al., 1980; Drozdowski et al., 2010). Thus, cells responsible for this differential 
development needs further attention.  
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SUMMARY 
In pig production, the genetic selection of highly productive sows has resulted in a large amount of 
IUGR piglets. The poor health status of IUGR piglets is presumably due to digestive problems, because 
it was found that 80% of IUGR piglets that subsequently died, manifested digestive disorders. As the 
largest and most important barrier against the external environment, the intestinal epithelium plays 
important role in the absorption of nutrients, electrolytes, and water while maintaining an adequate 
defense against intraluminal antigens, and bacteria. There has been increasing recognition of an 
association between disrupted intestinal barrier function and the pathogenesis of intestinal 
dysfunctions. Also, the intestinal epithelium is exposed to reactive oxygen metabolites from multiple 
luminal and systemic sources. Therefore, it possesses several antioxidant systems to maintain a proper 
redox status. As for piglets, there is mounting evidence that IUGR has a transient effect on the intestinal 
barrier function at birth, as well as a long-term effect on some intestinal redox-sensitive parameters 
during the postnatal period. However, limited and conflicting results have been reported in this respect 
for the postnatal period. We also noticed that most literature focused on investigating the effect of 
IUGR on the distal SI without paying enough attention to the proximal site. Additionally, information 
about the redox status of IUGR piglets during early life is fragmental. In Chapter I, a literature review 
focused on general knowledge about IUGR and its importance in pig production. The intestinal 
mucosal physiology and early development in pigs, as well as the role of oxidative stress in intestinal 
physiology were presented.  
In Chapter II and Chapter III, the effects of IUGR on the intestinal barrier function and redox-
sensitive parameters were investigated during the neonatal (preweaning) and postweaning period. The 
experiment was conducted on IUGR and NBW littermates in a 47-day period from birth on and with 
weaning at 19 days of age. Samples were taken at different time points in the neonatal (DPN0, DPN3, 
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DPN8 and DPN19) and postweaning period (DPW2, DPW5, DPW8, DPW12 and DPW28). On 
every sampling time point, the proximal and distal SI mucosa from IUGR and NBW littermates was 
collected, and intestinal barrier function was assessed by ex vivo permeability of FD4 and HRP in 
Ussing chamber. The GSSG/GSH ratio and MDA content were measured to evaluate the redox status 
of the intestinal mucosa. On transcriptional level, the expression of the TJ protein occludin, the 
proinflammatory cytokine TNF-α and several redox-sensitive genes were qualified by RT-qPCR.  
During the neonatal period, IUGR piglets exhibited higher intestinal FD4 and HRP fluxes in the 
proximal SI on DPN0 and DPN3, compared to the age-matched NBW ones, suggesting a more active 
endocytosis and disrupted intestinal TJs function. The histomorphological analysis showed that the 
mucosal architecture could not be associated with this higher mucosal permeability, whereas the 
protein and mRNA level of TJs protein OCLN were lower in IUGR piglets on DPN0. However, on 
DPN3, the OCLN expression was similar in IUGR and NBW piglets, suggesting that the higher 
intestinal mucosal permeability on DPN3 could not be attributed to OCLN. In the distal SI, only a 
higher HRP flux was observed, suggesting a more active endocytosis in the enterocytes, which could 
be a sign of more presence of immature cells.  
Interestingly, we found that the expression of the proinflammatory cytokine TNF-α was lower in 
IUGR piglets at birth, compared to NBW littermates. This finding may have two implications. First, 
the higher intestinal permeability in IUGR piglets is not induced by TNF-α; second, some TNF-α 
induced signaling pathways were not activated in IUGR piglets at birth. For example, the 
transcriptional factor PPARG, as well as HMOX1 was down regulated, probably from a downregulated 
Nrf2 pathway. Also, the downregulated CAT and TXNRD1 could be the result of downregulated NF-
κB pathway. The activity of NF-κB could be affected by ROS levels in the cell, and inhibition of the 
NF-κB pathway could have an effect on the intestinal cell proliferation. Thus, these downregulated 
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genes could mean that the signaling pathways necessary for initiating intestinal cell proliferation were 
not activated, leading to a retarded intestinal maturation. However, the NF-κB activity was not 
investigated in this study, and the relationship between ROS affecting the NF-κB pathway and 
intestinal cell proliferation worths further attention.  
During the postweaning period, we noticed a higher HRP flux on DPW5 in weaners born with IUGR 
than NBW ones. This higher endocytosis could be associated with the better intestinal absorption as 
indicated by a higher V/C ratio in IUGR piglets. Moreover, on DPW5, we noticed a lower expression 
of intestinal TNF-α and antioxidant genes such as PPARG, TXNRD1 and GPX1. A possible reason 
for this transient difference on DPW5 is that the weaning stress-induced villus atrophy happened from 
DPW2 to DPW5 in NBW piglets, but was postponed to DPW5 to DPW12in IUGR piglets.  
Throughout the first 7-weeks of life, the piglets born with IUGR have shown lower body weight than 
the NBW littermates on each time point, indicating a long-term effect of IUGR on reduced growth 
performance in piglets. As for the intestinal barrier function, in agreement with other studies, the 
current results showed that IUGR has a transient effect on intestinal barrier function in newborn piglets, 
and this effect disappears with age. Our findings also provide a potential link between the reduced 
intestinal cell proliferation induced retarded growth and intestinal ROS-induced signaling pathway. 
Surprisingly, we noticed no difference between IUGR and NBW piglets for the GSSG/GSH ratio and 
MDA concentration throughout the 7-week experimental period, indicating that the intestinal redox 
status is not affected by IUGR.  
During the first two studies, the nature of oxidative challenge was not well defined. In Chapter IV, we 
introduced 5% oxidized linseed oil in the diet of weanling piglets to check the redox status of IUGR 
and NBW littermates under chronic oxidative challenge. After 5 or 28 days, the GSSG/GSH ratio, as 
well as activity and transcription of major enzymes involved in the GSH redox cycle were evaluated in 
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the liver, proximal and distal site of SI and blood. The higher GSH concentration in plasma in IUGR 
piglets compared to the NBW littermates on day 5 of the experimental period, was probably due to 
the weaning anorexia. On day 28, the higher GSSG/GSH ratio and lower storage of GSH in the 
proximal SI of IUGR piglets indicate that the epithelial cells were in the oxidized state, although the 
feed intake was lower for IUGR piglets than for NBW piglets. Moreover, it seems that the SI of IUGR 
piglets allows a greater entry of MDA to circulation. Finally, the regulation pattern of redox-sensitive 
enzymes involved in GSH redox cycle at the transcriptional level was different between IUGR and 
NBW piglets when under oxidative challenge.  
In Chapter V, the results from the preweaning and postweaning experiments are compared and 
discussed. In this respect, we found some intestinal disorder induced by IUGR could last till 
postweaning period, e.g., the increased intestinal transcytosis on DPW5 of IUGR piglets is similar to 
the observation on DPN3. Finally, the limitations of this Ph.D. research and future research directions 
are presented.  
Altogether, the findings of the current Ph.D. research have demonstrated a delayed SI maturation in 
IUGR piglets. The SI of IUGR showed a lack of adaptation to the nutrient shift both at birth and at 
weaning. These results can be explained, at least in part, by the attenuated redox-sensitive signaling 
pathway in the SI of IUGR piglets. However, more studies are needed to clarify the potential 
association between delayed intestinal growth and redox-sensitive signaling pathways.
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SAMENVATTING 
In de varkenshouderij heeft de genetische selectie van hoogproductieve zeugen geleid tot een groot 
aantal IUGR biggen. De slechte gezondheidstoestand van IUGR biggen is vermoedelijk te wijten aan 
spijsverteringsproblemen, omdat 80% van de gestorven IUGR biggen voorafgaand symptomen van 
spijsverteringsstoornissen vertonen. Aangezien het de grootste en meest belangrijkste barrière is tegen 
de buitenomgeving, speelt het intestinale epithelium een belangrijke rol in de absorptie van nutriënten, 
elektrolyten en water, terwijl ze eveneens een adequate verdediging vormt tegenover intra-luminale 
antigenen en bacteriën. Er komt steeds meer erkenning voor een associatie tussen een verstoorde functie 
van de intestinale barrière en de pathogenese van intestinale stoornissen. Het intestinale epithelium is 
eveneens blootgesteld aan reactieve zuurstofradicalen van zowel luminale als systemische oorsprong. 
Hierdoor bezit het verscheidene antioxidant systemen om een goede redox status te behouden. Bij 
biggen is er steeds meer bewijs dat IUGR zowel een kortdurend effect heeft op de intestinale barrière 
functie bij de geboorte, als een langdurend effect op bepaalde intestinale redox-gevoelige parameters 
gedurende de postnatale periode. In dit opzicht werden echter beperkte en tegenstrijdige resultaten 
gerapporteerd voor de postnatale periode. We merkten ook dat de meeste literatuur zich voornamelijk 
richtte op het effect van IUGR op de distale dunne darm, zonder genoeg rekening te houden met het 
proximale segment. Bijkomend is de informatie over de redox status van IUGR biggen in de vroege 
levensfase fragmentarisch. In Hoofdstuk I richtte een literatuurstudie zich op de algemene kennis over 
IUGR en het belang in de varkenshouderij. Zowel de intestinale mucosale fysiologie en vroege 
ontwikkeling als de rol van oxidatieve stress in de intestinale fysiologie werden besproken voor biggen. 
In Hoofdstuk II en Hoofdstuk III werden de effecten van IUGR op de intestinale barrière functie en 
redox-gevoelige parameters onderzocht tijdens de neonatale periode (voor spenen) en de periode na het 
spenen. Het experiment werd uitgevoerd op IUGR en NBW nestgenoten in een periode van 47 dagen 
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vanaf de geboorte, en de biggen werden gespeend op een leeftijd van 19 dagen. Stalen werden genomen 
op verschillende tijdstippen in de neonatale periode (DPN0, DPN3, DPN8 en DPN19) en in de 
periode na het spenen (DPW2, DPW5, DPW8, DPW12 en DPW28). Op elk tijdstip werden de 
proximale en distale dunne darmmucosa van IUGR en NBW nestgenoten verzameld, en werd de ex 
vivo permeabiliteit van FD4 en HRP beoordeeld in Ussing kamers. De GSSG/GSH ratio en de MDA 
concentraties werden gemeten om de redox status van de intestinale mucosa te beoordelen. Op het 
niveau van transcriptie werd de expressie van het TJ proteïne occludine, het pro-inflammatoire 
cytokine TNF-α en verscheidene redox-gevoelige genen semi-kwantitatief gemeten via RT-qPCR. 
Tijdens de neonatale periode vertoonden IUGR biggen een hogere intestinale FD4 en HRP flux in de 
proximale dunne darm op DPN0 en DPN3, vergeleken met de NBW biggen van dezelfde leeftijd, 
hetgeen een meer actieve endocytose en verstoorde intestinale functie van de TJs suggereert. 
Histomorfologisch onderzoek toonde aan dat de mucosale architectuur niet geassocieerd was met deze 
hogere mucosale permeabiliteit, terwijl de proteïne en mRNA niveaus van het TJ proteïne OCLN lager 
waren in de IUGR biggen op DPN0. Op DPN3 was de expressie van OCLN echter gelijkaardig in 
IUGR en NBW biggen, suggererend dat de hogere intestinale mucosale permeabiliteit op DPN3 niet 
kon toegeschreven worden aan OCLN. In de distale dunne darm werd enkel een hogere HRP flux 
geobserveerd, hetgeen een meer actieve endocytose in de enterocyten suggereert, wat een teken kan zijn 
van een hogere aanwezigheid van immature cellen. 
Tijdens de periode na het spenen, observeerden we een hogere HRP flux bij DPW5 in gespeende 
biggen met IUGR, vergeleken met NBW. Deze hogere endocytose kan geassocieerd worden met de 
betere intestinale absorptie, zoals aangegeven door een hogere V/C ratio in IUGR biggen. Bovendien 
observeerden we op DPW5 een lagere expressie van intestinaal TNF-α en antioxidant genen zoals 
PPARG, TXNRD1 en GPX1. Een mogelijke verklaring voor dit kortdurend verschil op DPW5 is dat 
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de speenstress-geïnduceerde villus atrofie gebeurde van DPW2 tot DPW5 in NBW biggen, maar 
uitgesteld was in de IUGR biggen van DPW5 tot DPW12. 
Doorheen de eerste 7 levensweken toonden de biggen geboren met IUGR een lager lichaamsgewicht 
dan de NBW nestgenoten op elk tijdstip, wat duidt op een langdurend effect van IUGR op 
verminderde groei in biggen. Wat betreft de intestinale barrière functie, toonden de huidige resultaten 
in overeenstemming met andere studies, dat IUGR een kortdurend effect heeft op de intestinale 
barrière functie in nieuwgeboren biggen, en dit effect verdwijnt met de leeftijd. Onze bevindingen 
bieden ook een mogelijke link tussen de vertraagde groei door een gereduceerde intestinale 
celproliferatie, en intestinale ROS-geïnduceerde signaalroutes. Een verrassende observatie was dat er 
geen verschil was tussen IUGR en NBW biggen voor de GSSG/GSH ratio en MDA concentraties 
doorheen het 7 weken durende experiment, wat erop wijst dat de intestinale redox status niet beïnvloed 
is door IUGR. 
Tijdens de eerste twee studies was de aard van de oxidatieve challenge niet goed gedefinieerd. In 
Hoofstuk IV introduceerden we 5% geoxideerde lijnzaadolie in het dieet van gespeende biggen om de 
redox status van IUGR en NBW nestgenoten te onderzoeken bij blootstelling aan een chronische 
oxidatieve challenge. Na 5 of 28 dagen werden zowel de GSSG/GSH ratio als de activiteit en 
transcriptie van de belangrijkste enzymen betrokken in de GSH redox cyclus onderzocht in de lever, 
de proximale en distale sectie van de dunne darm en in het bloed. De hogere GSH concentraties in 
plasma van IUGR biggen, vergeleken met NBW nestgenoten op dag 5 van de experimentele periode, 
waren waarschijnlijk veroorzaakt door speen anorexia. De hogere GSSG/GSH ratio en de lagere GSH 
concentraties in het proximale segment van IUGR biggen op dag 28 wijzen erop dat de epitheliale 
cellen zich in een geoxideerde status bevonden, alhoewel de voederopname lager was voor de IUGR 
biggen vergeleken met de NBW biggen. Bovendien bleek dat de dunne darm van IUGR biggen een 
grotere absorptie van MDA in de algemene circulatie toeliet. Tot slot was de regulatie van redox-
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gevoelige enzymen betrokken in de GSH redox cyclus op het transcriptie niveau verschillend tussen 
IUGR en NBW biggen bij blootstelling aan een oxidatieve challenge. 
In Hoofdstuk V werden de resultaten van de periodes voor en na spenen overheen de verschillende 
experimenten vergeleken en gediscussieerd. In dit opzicht vonden we dat sommige intestinale 
stoornissen geïnduceerd door IUGR kunnen blijven duren tot na het spenen, bv. de verhoogde 
intestinale transcytose op DPW5 van de IUGR biggen is gelijkaardig als de observatie op DPN3. Tot 
slot werden de beperkingen van dit doctoraatsonderzoek en verdere onderzoeksrichtingen besproken. 
Samengevat toonden de bevindingen van deze doctoraatsthesis een vertraagde ontwikkeling van de 
dunne darm bij IUGR biggen aan. De dunne darm van IUGR biggen vertoonde een aanpassingsgebrek 
aan de shift in nutriënten zowel bij de geboorte als tijdens het spenen. Deze resultaten kunnen 
gedeeltelijk verklaard worden door een verzwakte redox-gevoelige signaalroute in de dunne darm van 
IUGR biggen. Meer studies zijn echter noodzakelijk om de mogelijke associatie tussen de uitgestelde 
intestinale ontwikkeling en de redox-gevoelige signaalroutes te verklaren. 
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